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ABSTRACT
CHEMILUMINESCENCE ANALYSIS BASED ON 
TWO PHASE REACTANT SYSTEMS 
by
Thompson Freeman 
The U n i v e r s i t y  o f  New Hampsh i re ,  1981
A new a p p r o a c h  t o  a n a l y s i s  w i th  c h e m i l u m i n e s c e n t  
d e t e c t i o n  i s  p r op os ed  and d e m o n s t r a t e d .  Two Phase  
Chemi luminescence  u t i l i z e s  an immob i l i z ed  r e a g e n t  b u l k  phase  
and a sample  pha se  which c o n t a i n s  t h e  a n a l y t e .  The a n a l y t e  
i s  p e r m i t t e d  t o  d i f f u s e  i n t o  t h e  r e a g e n t  ph a se  unde r  
c o n t r o l l e d  c o n d i t i o n s .  A c h e m i l u m i n e s c e n t  r e a c t i o n  o c c u r s  
in  t h e  r e a g e n t  p h a s e ,  which i s  q u a n t i t a t e d  and r e l a t e d  to  
t he  a n a l y t e  c o n c e n t r a t i o n  i n  t h e  sample  p h a s e .  A g e n e r a l  
t h e o r y  i s  p r e s e n t e d  to  d e s c r i b e  t h e  r e l a t i o n s h i p  be tween 
a n a l y t e  c o n c e n t r a t i o n  and c h e m i l u m i n e s c e n t  i n t e n s i t y .
The r e a c t i o n  be tween  l u mino l  and hyd rogen  p e r o x i d e  was 
used in  a p robe  c o n f i g u r a t i o n .  The r e a c t i o n  was c a t a l y z e d  
by p e r o x i d a s e  imm ob i l i z ed  on one end o f  a f i b e r  o p t i c .  A 
n o n - l i n e a r  r e s p o n s e  f o r  hyd rogen  p e r o x i d e  was found a t  a pH
_3
o f  9 and 10 M l um in o l  c o n c e n t r a t i o n .  The d e t e c t i o n
“ 6l i m i t  f o r  p e r o x i d e  was found to be 10 M.
The r e a c t i o n  be tween a d e n o s i n e  t r i p h o s p h a t e  (ATP) and 
f i r e f l y  l u c i f e r i n e  was m o n i t o r e d  in a f low c e l l  
c o n f i g u r a t i o n .  The f i r e f l y  l u c i f e r a s e  was imm ob i l i z ed  in 
t he  p r e s e n c e  o f  l u c i f e r i n .  A d e t e c t i o n  l i m i t  f o r  ATP und e r  
non op t im iz e d  c o n d i t i o n s  was e s t i m a t e d  a t  2 x l 0 -  ^ M ATP.
With t h e  c u r r e n t  d e s i g n ,  a c a l i b r a t i o n  c u r v e  f o r  ATP 
c o n c e n t r a t i o n  c o u ld  no t  be c o n s t r u c t e d  due to  t h e  d e c a y  o f  
t h e  s i g n a l  i n t e n s i t y  w i th  e x p o s u r e  o f  t h e  r e a g e n t  ph a se  to  
ATP.
The c h em i lu m in e sc en c e  o f  a peramino e t h y l e n e ;
1 , 1 ' , 3 , 3 ' ,  t e t r a e t h y l  A 2 ' 2 b i ( i m i d a z o l i d i n e )  (EIA);  was 
used to  d e v e l o p  an oxygen s e n s o r .  A 10% EIA s o l u t i o n  i n  
hexane was immobi l i z ed  beh ind  a T e f lo n  membrane.  Oxygen 
d i f f u s i n g  t h r o u g h  t h e  membrane r e a c t e d  w i th  t h e  EIA 
p r o du c i ng  a s i g n a l  p r o p o r t i o n a l  to  t h e  oxygen p a r t i a l  
p r e s s u r e  in  bo th  t h e  g a s e o u s  and aqueous  p h a s e s .  The
x i i
d e t e c t i o n  l i m i t  f o r  oxygen i n  t h e  g a s  pha se  was e s t i m a t e d  




Chemi luminescence  (CL) i s  t h e  e m i s s i o n  o f  l i g h t  from an 
e l e c t r o n i c a l l y  e x c i t e d  m o le c u l e  g e n e r a t e d  by a c h em ic a l  
r e a c t i o n .  Emis s ion  may be from an e l e c t r o n i c a l l y  e x c i t e d  
f l u o r e s c e n t  p r o d u c t  o r  a f l u o r o p h o r  e x c i t e d  by e n e r g y  
t r a n s f e r  from t h e  e l e c t r o n i c a l l y  e x c i t e d  p r o d u c t .  Thus ,  any 
r e a c t i o n  which o c c u r s  a t  room t e m p e r a t u r e  w i th  t h e  e m i s s i o n  
of  l i g h t  i s  c h e m i l u m i n e s c e n t .  B i o l u m i n e s c e n c e  (BL) i s  a 
s u b c l a s s  o f  CL in  which t h e  l i g h t  i s  d e r i v e d  from a 
b i o l o g i c a l  r e a c t i o n .
CL p r o c e s s e s  a r e  o f  i n t e r e s t  f o r  s e v e r a l  r e a s o n s .  
C h e m i e x c i t a t i o n  f o r  CL i n v o l v e s  f u nd am en ta l  m o l e c u l a r  
p r o c e s s e s .  The s t u d y  o f  CL p r o v i d e s  a c c e s s  t o  e l e m e n t s  o f  
r e a c t i o n  mechani sms  and m o l e c u l a r  p r o p e r t i e s .  Emergency 
l i g h t  s o u r c e s  may be f o r m u l a t e d  from e f f i c i e n t  CL r e a c t i o n s .  
C l a s s i f i c a t i o n  o f  d i f f e r e n t  BL r e a c t i o n s  i n d i c a t e s  t h e  
r e l a t i o n s h i p s  be tween d i f f e r e n t  b i o l u m i n e s c e n t  o r g a n i s m s
1
2( 1 ) .  CL and BL may be u t i l i z e d  t o  d e t e c t  and m easu re  t r a c e  
a n a l y t e s .  The a n a l y t i c a l  l i t e r a t u r e  ha s  been  r ev i e wed  by 
s e v e r a l  a u t h o r s  o v e r  t h e  l a s t  few y e a r s  ( 1 - 8 ) .  Two pha se  
c h em i l um in e sc en c e  i s  a new a p p ro a c h  t o  t h i s  a p p l i c a t i o n .
CL i n t e n s i t y  r e f l e c t s  t h e  r a t e  o f  e x c i t e d  s t a t e  
p r o d u c t i o n ,  s i n c e  d e a c t i v a t i o n  o f  t h e  e x c i t e d  s t a t e  i s  
u s u a l l y  f a s t e r  t h a n  t h e  p r o d u c t i o n  o f  t h e  e x c i t e d  s t a t e .
Two a n a l y t i c a l l y  i m p o r t a n t  c o n s e q u e n c e s  f o l l o w  from t h i s .
The u s u a l  CL a n a l y s i s  i s  pe r f o r med  under  a n a l y t e  l i m i t i n g  
c o n d i t i o n s  t o  e n s u r e  p s u e d o - f i r s t  o r d e r  k i n e t i c s  w i t h  
r e s p e c t  t o  t h e  a n a l y t e  and t h e  CL i n t e n s i t y  i s  t h e n  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  a n a l y t e  c o n c e n t r a t i o n .  In  o r d e r  t o  
maximize p r e c i s i o n ,  t h e  r e a g e n t s  must  be mixed r e p r o d u c i b l y .
The i n s t r u m e n t a t i o n  f o r  CL can  be q u i t e  s i m p l e .  A 
r e a c t i o n  chamber ,  e i t h e r  a t e s t  t u b e  o r  a f l ow  c e l l ,  i s  
p l a c e d  i n  a l i g h t  t i g h t  chambe r .  E mi t t e d  l i g h t  i s  o b s e r v e d  
by a p h o t o m u l t i p l i e r  (P.M.)  t u b e  c o n n e c t e d  t o  t h e  n e c e s s a r y  
r e a d - o u t  e l e c t r o n i c s .  S i nc e  t h e  CL e m i s s i o n  i s  r a d i a t e d  in  
a l l  d i r e c t i o n s ,  t h e  P.M. t u b e  i s  commonly p l a c e d  a s  c l o s e  a s  
p o s s i b l e  t o  t h e  r e a c t i o n  zone in  o r d e r  t o  o b t a i n  a s  h i g h  a 
c o l l e c t i o n  e f f i c i e n c y  a s  p o s s i b l e .  A h i g h  v o l t a g e  s u p p l y  
f o r  t he  P.M. t u b e  c o m p l e t e s  t h e  u s u a l  i n s t r u m e n t .  In 
a d d i t i o n  t o  i n s t r u m e n t s  d e s i g n e d  s p e c i f i c a l l y  f o r  CL, l i q u i d  
s c i n t i l l a t i o n  c o u n t e r s  have  o f t e n  been a d a p t e d  f o r  CL a s s a y s
3(7) .
A n a l y t i c a l  CL i s  d e s c r i b e d  by (4 ,7 )
I CL 0 C L  0 d e t  V ( 1 )
where I CL i s  t h e  CL i n t e n s i t y  i n  E i n s t e i n s / s e c ,  ^ CL i s
>■»
t h e  CL e f f i c i e n c y  ( t h e  f r a c t i o n  o f  r e a c t e d  m o l e c u l e s  which
f r a c t i o n  o f  p ho to n s  d e t e c t e d  pe r  pho ton  e m i t t e d ) , and V i s  
t he  r a t e  o f  p r o d u c t i o n  o f  t h e  e x c i t e d  s t a t e  i n  m o l e s / s e c .  
^ CL depends  upon t h e  s p e c i f i c  r e a c t i o n  and t h e  r e a c t i o n
E i t h e r  t h e  peak CL i n t e n s i t y ,  which o c c u r s  soon  a f t e r  t h e  
mixing o f  t h e  r e a g e n t s  and b e f o r e  a p p r e c i a b l e  r e a c t a n t  
consumpt ion  ha s  o c c u r r e d ,  o r  t h e  i n t e g r a l  o f  t h e  CL 
i n t e n s i t y  ov e r  t ime  i s  used f o r  q u a n t i t a t i o n .  Measurement  
o f  peak h e i g h t  i s  f a s t e r ,  b u t  i s  s u s c e p t i b l e  t o  mixing
e r r o r s .  The i n t e g r a l  o f  i n t e n s i t y  ov e r  t i m e  i s  l e s s
s e n s i t i v e  t o  mix ing  p r o b l e m s ,  bu t  i s  v e r y  s e n s i t i v e  t o  t h e  
e f f e c t s  o f  s i d e  r e a c t i o n s  ( 7 ) .
Three  r e a c t i o n s  have  been  u t i l i z e d  i n  t h i s  r e s e a r c h .
A n a l y s i s  t e c h n i q u e s  have  been  i n v e s t i g a t e d  f o r  hyd rogen  
p e r o x i d e  u s i ng  t h e  l u mi no l  r e a c t i o n ,  ATP u s i n g  t h e  f i r e f l y  
l u c i f e r i n - l u c i f e r a s e  r e a c t i o n ,  and oxygen by t h e  o x i d a t i o n
r e s u l t  in  e m i s s io n ) t h e  d e t e c t o r  e f f i c i e n c y  ( t h e
cond i t i o n s . a r r a n g e m e n t .
o f  a pe r amino  e t h y l e n e .  These r e a c t i o n s  w i l l  be d i s c u s s e d  
in t e rm s  o f  t h e i r  c h e m i s t r y  and t h e i r  a n a l y t i c a l  
c h a r a c t e r  i s t i c s .
CL o f  Luminol
Luminol  (3-amino p h t h a l h y d r a z i d e )  ( F i g u r e  1) i s  a 
c l a s s i c  CL r e a g e n t  f o r  s o l u t i o n  a n a l y s i s .
Luminol  CL may be g e n e r a t e d  by s e v e r a l  d i f f e r e n t  o x i d i z i n g  
r e a g e n t s  i n c l u d i n g  oxygen,  hyd rogen  p e r o x i d e ,  i o d i n e ,  and 
c h l o r i n e  ( 9 - 1 4 ) .  The r e a c t i o n  may o c c u r  i n  e i t h e r  p r o t i c  o 
a p r o t i c  m ed i a .  S e v e r a l  m e t a l  i o n s  a n d / o r  t h e i r  complexes  
have c a t a l y t i c  p r o p e r t i e s  when *s u t ^ ^ ze<  ^ a s
o x i d i z i n g  a g e n t .  A l so ,  s e v e r a l  enzymes can c a t a l y s e  t h e  
r e a c t i o n  w i th  H„0_. Because  so many s p e c i e s  i n d uc e  CL,
lu mino l  i s  r e l a t i v e l y  u n s e l e c t i v e  f o r  a n a l y t i c a l  p u r p o s e s .  
The e m i t t e r  i s  t h e  a m i n o p h t h a l a t e  i on  ( 2 0 ) .
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5Luminol  CL o c c u r s  unde r  b a s i c  c o n d i t i o n s ,  u s u a l l y  
between a pH o f  10 and 12 i n  an aqueous  p h a s e .  There  i s  
o f t e n  a s i g n i f i c a n t  background  s i g n a l  due t o  o x i d a t i o n  by 
d i s s o l v e d  oxygen ,  which w i l l  d e g r a d e  t h e  d e t e c t i o n  l i m i t  
t h a t  can  be a c h i e v e d  w i t h  l u m i n o l .  Less  b a s i c  c o n d i t i o n s  
t han  pH 10-11 w i l l  r e s u l t  i n  a l ower  backg r ou nd  s i g n a l ,  bu t  
w i l l  a l s o  d e c r e a s e  CL i n t e n s i t y .  Such a s t r a t e g y  se ldom 
r e s u l t s  i n  an improvement  i n  t h e  d e t e c t i o n  l i m i t  f o r  
pe rox  i d e .
Luminol  has  been  u t i l i z e d  in a l a r g e  number o f  a s s a y s .
Luminol ,  o x i d i z e d  by has  been  used t o  measu re
t r a c e  m e t a l s  by means o f  t h e i r  c a t a l y t i c  p r o p e r t i e s  ( 1 4 ) ,  as
an e n d p o i n t  d e t e c t i o n  sys tem f o r  t i t r i m e t r y  ( 1 5 ) ,  and f o r
t h e  measurement  o f  m o l e c u l a r  oxygen ( 1 6 ) .  Luminol  has  been
co up l ed  t o  p e r o x i d e  p r o d u c i n g  p r o c e s s e s  f o r  t h e  q u a n t i t a t i o n
o f  b i o l o g i c a l l y  i m p o r t a n t  compounds,  such  a s  g l u c o s e ,
a m i n o - a c i d s ,  and u r i c  a c i d  ( 2 1 - 2 4 ) .  I s o l u m i n o l  ha s  been
i n v e s t i g a t e d  as  a p o s s i b l e  immunoassay l a b e l  ( 2 5 ) .  Such an
a p p l i c a t i o n  cou ld  r e s u l t  in a l owered  u sage  o f  n u c l e a r
i s o t o p e s  f o r  immunoassay.  The removal  o f  t h e  r a d i o a c t i v e
m a t e r i a l  from t h e s e  r e a g e n t s  i s  d e s i r a b l e  due t o
r e s t r i c t i o n s  on t h e  d i s p o s a l  o f  r a d i o a c t i v e  w a s t e .  A
“ 8d e t e c t i o n  l i m i t  f o r  p e r o x i d e  of  10 M has  been  a ch i e v e d  
w i t h  l u mino l  ( 7 ) .
6Coup l ing  t h e  l u mi no l  r e a c t i o n  t o  p e r o x i d e  p r o d u c i n g  
r e a c t i o n s  i s  p o t e n t i a l l y  u s e f u l ,  s i n c e  some b i o l o g i c a l l y  
i m p o r t a n t  a n a l y t e s  r e a c t  w i th  m o l e c u l a r  oxygen  t o  p roduce  
hydrogen  p e r o x i d e .  For examp le ,  g l u c o s e ,  i n  t h e  p r e s e n c e  of  
t h e  enzyme g l u c o s e  o x i d a s e  p r o d u c e s  p e r o x i d e  ( 2 1 - 2 3 ) .  
D i f f i c u l t i e s  i n  c o u p l i n g  t h e  l u mi no l  r e a c t i o n  t o  p e r o x i d e  
p r o d uc in g  r e a c t i o n s  have  been e n c o u n t e r e d .  The p r ob l em s  a r e  
e x e m p l i f i e d  by t h e  e f f o r t s  t o  c o u p l e  g l u c o s e  o x i d a s e  t o  t he  
l u mino l  r e a c t i o n  f o r  t h e  q u a n t i t a t i o n  o f  g l u c o s e .
P G l u c o s e  + C>2 Q x f ^ s e “* Gl ucon i cAc i d  + H
HpOp + Luminol  ^ ■q-s^ ----- > P r o d u c t s  + L i g h t
^ ^ C a t a l y s t  ^
The ma jo r  d i f f i c u l t y  i n  t h i s  scheme,  and i t  i s  common to  
many o t h e r  schemes i n v o l v i n g  o x i d a s e  enzymes ,  i s  t h e  pH 
i n c o m p a t a b i l i t y . G l ucose  o x i d a s e  has  a pH opt imum o f  abo u t  
6 ,  and i s  c o m p l e t e l y  d e a c t i v a t e d  by a pH s l i g h t l y  g r e a t e r  
t h an  8 .  Luminol  CL e f f i c i e n c y  i s  v e ry  low in  t h e  pH r ange  
of  6 - 8 ,  hav ing  an e f f i c i e n c y  optimum o f  ab o u t  pH 11.
Two r o u t e s  f o r  c o u p l i n g  t h e s e  r e a c t i o n s  a r e  
c o n c e i v a b l e .  A compromise pH can be u t i l i z e d ,  l o s i n g  some
of  t h e  i n h e r e n t  s e n s i t i v i t y  o f  CL in  t h e  p r o c e s s .  The
second a pp r oa ch  i s  t o  pe r fo rm  two s e p a r a t e  r e a c t i o n s .  The
o x i d a s e  r e a c t i o n  i s  c a r r i e d  o u t  under  opt imum c o n d i t i o n s  and
7pH r a i s e d  ( 2 1 - 2 3 ) .  T h i s  a pp ro ach  ha s  been  used in  
e s s e n t i a l l y  a l l  a p p l i c a t i o n s  t o  d a t e .
F i r e f l y  B i o lu m i n es ce n ce
The f i r e f l y  r e a c t i o n  i n v o l v e s  t h r e e  s u b s t r a t e s ,
l u c i f e r i n  ( F i g u r e  2 ) ,  a d e n o s i n e  t r i p h o s p h a t e  (ATP), and
m o l e c u l a r  oxygen i n  t h e  p r e s e n c e  o f  l u c i f e r a s e  enzyme and 
2+Mg i o n s .  The o v e r a l l  r e a c t i o n  i s  (26)
LH + AT p E ' L H . ' A M P * M q P P
^  KA 2 + ^Mg
E’LH^AM P +Oj ----------- » E LO + AMP + C 0 2 +Light
where LH2 i s  l u c i f e r i n ,  E i s  l u c i f e r a s e ,  AMP i s  a d e n o s i n e  
m on o p h o sp a t e , MgPP i s  magnesium p y r o p h o s p h a t e ,  and LO i s  
o x y l u c i f e r i n  ( t h e  e m i t t e r  o f  t h e  r e a c t i o n )  ( F i g u r e  2 ) .  In 
n e u t r a l  and b a s i c  s o l u t i o n s ,  t h e  e m i t t e d  l i g h t  i s  t h e  u s u a l  
y e l l o w - g r e e n  ( \  max 563nm. ) .  The pH opt imum i s  a b o u t  7 . 5 .  
With s u f f i c i e n t  c a r e ,  t h i s  r e a c t i o n  can  be used t o  measu re  
as  low a s  10 ^  mole o f  ATP ( 2 6 ) .  S e v e r a l  c o n d i t i o n s  must  
be met  to  a c h i e v e  t h i s  low d e t e c t i o n  l i m i t .  The p r e s e n c e  o f  
heavy m e t a l s  o r  an a c i d  pH must  be a v o i d e d ,  s i n c e  t h e  
e m i s s i o n  w i l l  be red s h i f t e d  abo u t  50 nm unde r  t h e s e  
c o n d i t i o n s .  S ince  P.M. t u b e s  a r e  g e n e r a l l y  l e s s  s e n s i t i v e  




S t r u c t u r e s  o f  S e v e r a l  L u c i f e r i n  S p e c i e s
A L u c i f e r i n
B D e h y d r o l u c i f e r i n
C O x y l u c i f e r i n
9a p p r e c i a b l e  d e c r e a s e  in  a s s a y  s e n s i t i v i t y ,  The p u r i t y  o f  
t h e  r e a g e n t s  must  be h i g h  t o  avo id  s i d e  r e a c t i o n s .  The 
p r e s e n c e  o f  o t h e r  enzymes can  l e a d  t o  r e p h o s p h o r y l a t i o n  o f  
ATP p r e c u r s o r s  which happen t o  be p r e s e n t  i n  t h e  s o l u t i o n .  
The p r e s e n c e  o f  d e h y d r o l u c i f e r i n  ( F i g u r e  2) w i l l  i n h i b i t  t h e  
r e a c t i o n  by forming  a more s t a b l e ,  n o n r e a c t i v e  enzyme 
complex by t h e  r e a c t i o n  shown:
L t ATP -  ~  E L A M P  + M g P P2+ 3
M g
where L i s  t h e  d e h y d r o l u c i f e r i n  and t h e  o t h e r  symbol s  a r e  as  
b e f o r e .  A d d i t i o n  o f  e x c e s s  p y r o p h o s p h a t e  can  r e v e r s e  t h i s  
i n h i b i t i o n ,  bu t  p y r o p h o s p h a t e  w i l l  r e v e r s e  t h e  d e s i r e d  
r e a c t i o n  w i th  l u c i f e r i n .  L u c i f e r a s e  i s  a s u l f h y d r y l  
c o n t a i n i n g  enzyme and i s  i n h i b i t e d  by r e a g e n t s  i n t e r a c t i n g  
w i th  t h e s e  g r o u p s .  The a n i o n s  SCN , I , NO^- , and 
Br a r e  a l s o  i n h i b i t o r s .
Whi l e  t h e  a d d i t i o n  o f  l u c i f e r i n  i s  u n n e c e s s a r y  i f  a 
c ru d e  f i r e f l y  e x t r a c t  i s  u s e d ,  t h e  a d d i t i o n  o f  l u c i f e r i n  
w i l l  i n c r e a s e  t h e  e m i s s i o n  i n t e n s i t y  by a f a c t o r  o f  ab o u t  4. 
Of c o u r s e ,  l u c i f e r i n  must  be added a f t e r  p u r i f i c a t i o n  o f  t h e  
l u c i f e r a s e  enzyme.
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F i r e f l y  l u c i f e r a s e  i s  h i g h l y  s p e c i f i c  f o r  ATP, b u t  
o t h e r  n u c l e o t i d e s  s t i m u l a t e  l i g h t  e m i s s i o n  ( 6 , 2 7 ) .  The 
l u c i f e r i n - l u c i f e r a s e  r e a c t i o n  can  be used t o  e s t i m a t e  
b iomass  , s i n c e  t h e  l e v e l s  o f  ATP a r e  s i m i l a r  among v a r i o u s  
o r g a n i s m s .  The f i r e f l y  r e a c t i o n  ha s  a l s o  been a p p l i e d  t o  
d e t e r m i n e  t h e  a c t i v i t y  o f  enzymes t h a t  u t i l i z e  o r  p r od uc e  
ATP. ATP may a l s o  be bound t o  a l i g a n d  f o r  use  i n  
immunolog ica l  a s s a y s  ( 6 , 2 7 ) .
The l u c i f e r i n - l u c i f e r a s e  r e a c t i o n  h a s  been  used i n  a
two phase  a n a l y s i s  sys tem by i m m o b i l i z i n g  t h e  l u c i f e r a s e  t o
the  s u r f a c e  o f  a l k y l a m i n e  g l a s s  beads  g l u e d  t o  a c a p i l l a r y
tube  ( 2 8 ) .  The peak  l i g h t  i n t e n s i t y  i s  r e p o r t e d  t o  be
l i n e a r  w i th  r e s p e c t  t o  ATP s o l u t i o n  c o n c e n t r a t i o n  be tween 
“ 8 *—510 M. and 10 M. The enzyme i s  s t a b l e  f o r  e x t e n d e d  
p e r i o d s  o f  t im e  when s t o r e d  a t  4°C in  a p h o s p h a t e  b u f f e r .  
One l i m i t a t i o n  o f  t h i s  a p p ro a c h  i s  t h e  d i f f i c u l t y  i n  
p o s i t i o n i n g  t h e  g l a s s  rod r e p r o d u c i b l y  w i t h i n  t h e  s ample  
chamber .  A p o s s i b l y  more s e r i o u s  l i m i t a t i o n  i s  t h e  t im e  
de p en de n t  r e s p o n s e  o f  t h e  sy s t em as  a d e p l e t i o n  l a y e r  grows 
a t  t h e  s u r f a c e  o f  t h e  r o d .
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P e r a m i n o e t h y l e n e  Chemi luminescence
The o xy lu m in e sc e n c e  o f  t e t r a k i s ( d i m e t h y l a m i n o )  e t h y l e n e  
(TMAE) was f i r s t  d i s c o v e r e d  by P r u e t t  and c o - w o r k e r s  i n  1950 
(29) . S inc e  t hen  t h e  o x i d a t i o n  o f  many o t h e r  n o n - a r o m a t i c  
t e t r a a m i n o e t h y l e n e s  ha s  been  d e m o n s t r a t e d  t o  p roduce  
c h e m i l u m i n e s c e n c e . The o v e r a l l  r e a c t i o n  i s  shown f o r
1 , 1 ' 3 , 3 '  t e t r a e t h y l -  £ 2 , 2 ' ■bi( i m i d a z o l i d i n e )  ( E I A ) .
CH3CH2 c h 2 ch3
0-0
I I
c h 3 c h 2 c h 2c h 3
+ o,
C H 3 CH2
CN>=0
M l '“N
c h 3 c h 2
+  LIGHT
The i m i d a z o l i d o n e  i s  t h e  o n l y  i s o l a b l e  p r o d u c t  e x c e p t  i n  t he  
ca s e  o f  TMAE. The s u b s t i t u t e d  u r ea  i s  t h e  p r ed o m i n an t  
p r o d u c t  o f  TMAE o x i d a t i o n  ( 3 0 ) .
The o x i d a t i o n  o f  t e t r a a m i n o  e t h y l e n e s  i s  u n u su a l  in 
t h a t  a b r i g h t  CL e m i s s i o n  i s  o b t a i n a b l e  a t  v e r y  h i g h  r e a g e n t  
c o n c e n t r a t i o n s ,  o r  even u s ing  t h e  n e a t  l i q u i d .  Th is  
q u a l i t y ,  a l on g  w i th  t h e  r e a d y  a v a i l a b i l i t y  o f  ox ygen ,  made 
t h e s e  compounds o f  i n t e r e s t  f o r  c h em ica l  l i g h t i n g  
a p p l i c a t i o n s .  S inc e  a l a r g e  molar  amount  o f  r e a g e n t  co u ld  
be c o n t a i n e d  in a sma l l  vo lume,  t h e  i n t e g r a t e d  l i g h t  o u t p u t
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of  such  a d e v i c e  sho u l d  be h ig h  ( 1 , 3 1 - 3 8 ) .  To d a t e ,  
however ,  no d e v i c e  ba sed  upon t h i s  c h e m i s t r y  h a s  s een  
commerc i a l  a p p l i c a t i o n ,  due in  p a r t  t o  q u e n ch i n g  by t h e  
r e a c t i o n  p r o d u c t  and c a t a l y s i s  w i th  q u e n ch i n g  o f  t h e  
e m i s s i o n  by p r o t o l y t i c  s u b s t a n c e s .  The d i f f i c u l t y  o f  long 
term a i r t i g h t  s t o r a g e  p r o b a b l y  c o n t r i b u t e s  t o  t h e  l a c k  o f  
commerci a l  s u c c e s s  .
The l i n e a r  r e l a t i o n s h i p  be tween  oxygen p a r t i a l  p r e s s u r e  
and t he  CL i n t e n s i t y  ( 35-38)  make t h i s  r e a c t i o n  a t t r a c t i v e  
f o r  p o s s i b l e  q u a n t i t a t i v e  a n a l y s i s  o f  ox yge n .  S i n c e  CL i s  
o b t a i n e d  o n l y  w i t h  oxyge n ,  such  a d e v i c e  s h o u l d  be q u i t e  
s e l e c t i v e  ( 3 0 ) .  R e a c t i o n  w i th  o t h e r  o x i d i z i n g  r e a g e n t s  
( h a l o g e n s ,  pe rm an gan a t e )  would s e v e r e l y  s h o r t e n  t h e  u s e f u l  
l i f e t i m e  o f  t h e  r e a g e n t .  Th i s  p rob l em c o u ld  be s o l v e d  by 




Two phase  CL i s  a new a p p r o a c h  t o  CL a n a l y s i s .  A 
r e a g e n t  which i s  e i t h e r  c h e m i l u m i n e s c e n t  i t s e l f  o r  an enzyme 
c a t a l y z i n g  a CL r e a c t i o n  i s  p h y s i c a l l y  i m m o b i l i z e d ,  w h i l e  an 
a n a l y t e  s o l u t i o n  i s  p r e s e n t e d  t o  t h e  i n t e r f a c e  be tween t h e  
two p h a s e s .  The p h y s i c a l  n a t u r e  o f  t h e  i n t e r f a c i a l  m a t e r i a l  
i s  chosen  t o  p e r m i t  t h e  a n a l y t e  t o  d i f f u s e  t h r o u g h  i t  unde r  
a c o n c e n t r a t i o n  g r a d i e n t .  Once i n  t h e  r e a g e n t  p h a s e ,  t h e  
a n a l y t e  unde rgoes  a. CL r e a c t i o n .  The CL i n t e n s i t y  i s  t h e n  
q u a n t i t a t e d .  F i g u r e  3 i l l u s t r a t e s  t h i s  s c h e m a t i c a l l y .
The c h a r a c t e r i s t i c s  o f  a Two Phase CL sys t em  w i l l  
depend on bo th  t h e  c h e m i s t r y  o f  CL and t h e  r a t e  o f  mass 
t r a n s f e r  a c r o s s  t h e  i n t e r f a c e .  I t  w i l l  a l s o  depend on 
whe the r  t h e  r e a g e n t  phase  i s  a s u r f a c e  pha se  o r  a b u l k  
p h a s e ,  s i n c e  t h e  a n a l y t e  may d i f f u s e  i n t o  t h e  i n t e r i o r  o f  
t h e  b u l k  p h a s e .  The p r o j e c t s  d e s c r i b e d  i n  t h i s  d i s s e r t a t i o n  
a l l  i n v o l v e  bu lk  r e a g e n t  p h a s e s .
Two Phase CL ha s  s e v e r a l  p o t e n t i a l  a d v a n t a g e s .  These  
a d v a n t a g e s  i n c l u d e  t he  r e c o v e r y  o f  e x p e n s i v e  r e a g e n t s  
l o c a l i z e d  in t he  r e a g e n t  p h a s e ,  t h e  e a s e  o f  o b t a i n i n g  
r e p r o d u c i b l e  m ix i n g ,  t h e  p o s s i b i l i t y  o f  c o n t i n u o u s  s e n s i n g ,  
and t h e  p o s s i b i l i t y  o f  t a i l o r i n g  t h e  ph a se  i n t e r f a c e  to
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P h a s e  
I n t e r f a c e
R e a g e n t  
Ph a s e  
CL r e a c t i o n  
o c c u r s  h e r e
FIGURE 3
Sc hema t i c  o f  TWO PHASE CHEMILUMINESCENCE
T h i s  f i g u r e  shows t h e  r e l a t i o n s h i p  be tween  
t h e  two p h a se s  and e m ph as i ze s  t h e  d i r e c t i o n  
o f  a n a l y t e  f l u x .
B ulk 
P h a s e
a n a l y t e  f lux
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e x c l u d e  p o t e n t i a l  i n t e r f e r e n c e s .
S i nc e  a t  l e a s t  one r e a c t i o n  component  f o r  t h e  CL 
e m i s s i o n  i s  i m m o b i l i z e d ,  t h i s  component  c an  be removed from 
the  r e a c t i o n  and r e u s e d .  When t h e  component  i s  e x p e n s i v e ,  
a s  i s  t h e  c a s e  f o r  many enzymes ,  t h i s  a p p r o a c h  would 
s i g n i f i c a n t l y  r e d u c e  t h e  c o s t  p e r  a n a l y s i s .
As was s t r e s s e d  e a r l i e r ,  t h e  manner  o f  m ix ing  a f f e c t s  
t h e  q u a l i t y  o f  t h e  d a t a  d e r i v e d  from a CL a s s a y .  Mixing in  
Two Phase  Ch emi luminescence  i s  by d i f f u s i o n  a c r o s s  a phase  
boun da ry  unde r  c o n d i t i o n s  o f  a dynamic s t e a d y  s t a t e .  Th is  
r e s u l t s  i n  a s i g n a l  i n t e n s i t y  which i s  i n d e p e n d e n t  o f  
e l a p s e d  t i m e .  Under such  c o n d i t i o n s ,  t h e  i n t e n s i t y  o f  t he  
CL s i g n a l  i n  a Two Phase  sys tem w i l l  depend upon t h e  a n a l y t e  
c o n c e n t r a t i o n  i n  t h e  b u l k  phase  and t h e  ph a se  i n t e r f a c e  
t h i c k n e s s .
Ano the r  a d v a n t a g e  i s  t h e  a b i l i t y  t o  e x c l u d e  p o t e n t i a l l y  
i n t e r f e r i n g  s u b s t a n c e s  from th e  r e a c t a n t  p h a s e .  For 
examp le ,  i n  t h e  o x i d a t i o n  o f  p e r a m i n o e t h y l e n e s , t h e  p r e s e n c e  
o f  o t h e r  o x i d i z i n g  s u b s t a n c e s  w i l l  i n c r e a s e  t h e  r a t e  o f  
r e a g e n t  c o n s u m p t i o n ,  an d ,  t h e r e f o r e ,  d e c r e a s e  t h e  d e v i c e ' s  
l i f e t i m e .  The e x i s t e n c e  o f  t h e  g a s  pe rm e ab l e  membrane 
be tween  t h e  r e a c t a n t  phase  and t he  a n a l y t e  phase  a s s u r e s  
t h a t  n o n v o l a t i l e  s u b s t a n c e s  such a s  MnO^-  a r e  ex c luded  
from th e  r e a c t i o n .  S i m i l a r l y ,  a d i a l y s i s  membrane be tween
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t h e  r e a c t a n t  phase  and t h e  a n a l y t e  pha se  w i l l  p r o t e c t  an 
immob i l i z ed  enzyme from be in g  i n a c t i v a t e d  by p r o t e o l y t i c  
enzymes i n  t h e  s am p le .
The o b j e c t i v e  o f  my r e s e a r c h  was t o  c h a r a c t e r i z e  t h e  
a d v a n t a g e s ,  and d i s a d v a n t a g e s  o f  t h e  Two Phase  CL a p p ro a c h  
to  a n a l y s i s .  The t h e o r y  t o  d e s c r i b e  t h e  s t e a d y - s t a t e  
r e s p o n s e  o f  a g e n e r a l i z e d  Two Phase  CL sys t em i s  d e v e l o p e d  
in c h a p t e r  two.  C h a p t e r  t h r e e  c o v e r s  a two pha se  sy s t em  f o r  
p e r o x i d e  a n a l y s i s  ba sed  on p e r o x i d a s e  c a t a l y s i s  o f  l u mi no l  
CL. C h a p t e r  f o u r  d e s c r i b e s  a two phase  sy s t em  f o r  ATP 
d e t e r m i n a t i o n  b a s e d ' u p o n  t h e  l u c i f e r i n - l u c i f e r a s e  r e a c t i o n .
A two phase  oxygen s e n s o r  ba sed  upon p e r a m i n o e t h y l e n e  CL i s  
t he  s u b j e c t  o f  c h a p t e r  f i v e .
CHAPTER TWO
THEORY OF TWO PHASE CHEMILUMINESCENCE
In  t h i s  t e c h n i q u e ,  t h e  a n a l y t e  i s  i n i t i a l l y  i n  s o l u t i o n  
wi th  no a n a l y t e  p r e s e n t  in  t h e  r e a g e n t  p h a s e .  Any 
no n - im m ob i l i z ed  r e a g e n t s  w i l l  be p r e s e n t  i n  e q u a l  
c o n c e n t r a t i o n s  i n  bo t h  p h a s e s .  The a n a l y t e  w i l l  d i f f u s e  
i n to  t h e  r e a g e n t  pha se  and r e a c t .  A c o n c e p t u a l  
c o n c e n t r a t i o n  p r o f i l e  i s  shown by t h e  s o l i d  l i n e  i n  
F i g u r e  4.  The a n a l y t e  i s  consumed a s  i t  d i f f u s e s  t h r o u g h  
t h e  immob i l i z ed  r e a g e n t  p h a s e .  I f  t h e  r e a c t i o n  r a t e  i s  
r a p i d  r e l a t i v e  t o  d i f f u s i o n ,  t h e  a n a l y t e  c o n c e n t r a t i o n  w i l l  
f a l l  to  z ero  a t  some d e p t h  i n t o  t h e  r e a g e n t  p h a s e .  At 
s t e a d y  s t a t e ,  t h e  r a t e  o f  t h e  a n a l y t e  e n t e r i n g  t h e  r e a g e n t  
phase  w i l l  j u s t  e q u a l  t h e  r a t e  o f  a n a l y t e  co ns um pt io n  ove r  
t h e  e n t i r e  r e a c t i o n  vo lume.  T h e r e f o r e ,  t h e  measu red  CL 
i n t e n s i t y  w i l l  be t h e  sum o f  i n t e n s i t y  f rom each  o f  t h e  












C o n c e n t r a t i o n  P r o f i l e  o f  TWO 
PHASE CHEMILUMINESCENCE
The s o l i d  l i n e  i n d i c a t e s  t h e  c o n c e n t r a t i o n  
p r o f i l e  assumi ng t h a t  t h e  b u l k  ph a se  mass 
t r a n s f e r  i s  f a s t  enough t o  be n e g l e c t e d .  The 
d o t t e d  l i n e  i n d i c a t e s  t h e  c o n c e n t r a t i o n  
p r o f i l e  when t h e  r e a c t i o n  i s  s u f f i c i e n t l y  
r a p i d  t o  d e p l e t e  t h e  s u r f a c e  l a y e r  o f  t h e  
a n a l y t e .  O’ 3 t *ie N e r n s t  d i f f u s i o n  l a y e r  
t h i c k n e s s .  X • t h e  t h i c k n e s s  fo t h e  r e a g e n t  
p h a s e .
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While  t h i s  d i s c u s s i o n  ha s  been  b r i e f . ,  t h e  t e rm s  
r e q u i r e d  t o  d e s c r i b e  a s t e a d y  s t a t e ,  two ph a se  CL sys t em  
have a p p e a r e d ;  t h e  r a t e  o f  t h e  a n a l y t e  d i f f u s i o n ,  t h e  
k i n e t i c  p a r a m e t e r s  o f  t h e  r e a c t i o n ,  and t h e  p h y s i c a l  l a y o u t  
o f  t h e  s y s t e m .  A fo r m a l  t h e o r y  t o  d e s c r i b e  s t e a d y  s t a t e  
i n t e n s i t y  w i l l  be d e v e l o p e d .  S i n c e  m o l e c u l a r  d i f f u s i o n  i s  a 
slow p r o c e s s  as  compared w i t h  c o n v e c t i o n ,  two ph a se  CL may 
be e x p e c t e d  t o  e x h i b i t  l owe r  i n t e n s i t i e s  t h a n  one pha se  CL 
f o r  e q u i v a l e n t  a n a l y t e  c o n c e n t r a t i o n s .  T h i s  d rawback  may be 
overcome,  in  p a r t ,  by u t i l i z i n g  a l a r g e  i n t e r f a c i a l  a r e a .
Three  ma jor  a s s u m p t i o n s  have  been  made i n  d e v e l o p i n g  a 
g e n e r a l  t h e o r y  f o r  Two Phase  CL. F i r s t  mass t r a n s f e r  o f  t h e  
a n a l y t e  t o  t h e  i n t e r f a c e  i s  assumed t o  be s u f f i c i e n t l y  
e f f i c i e n t  t o  i n s u r e  an i n t e r f a c i a l  c o n c e n t r a t i o n  e q u a l  to  
t h a t  o f  t h e  bu lk  s o l u t i o n .  In  p r a c t i c e ,  t h e  a n a l y t e  
s o l u t i o n  i s  s t i r r e d  o r  pumped t o  i n s u r e  t h a t  c o n v e c t i v e  mass 
t r a n s f e r  in  s o l u t i o n  i s  much g r e a t e r  t h a n  t h e  d i f f u s i o n a l  
p r o c e s s  w i t h i n  t h e  bu lk  o f  t he  imm ob i l i z ed  p h a s e .
T h e r e f o r e ,  no d e p l e t i o n  o f  t h e  a n a l y t e  s h o u l d  o c c u r  on t h e  
bu lk  pha se  s i d e  o f  t h e  phase  i n t e r f a c e .  T h i s  a s s u m p t i o n  
w i l l  be d e a l t  w i t h  s u b s e q u e n t l y .  Sec ond ,  t h e  a n a l y t e  i s  
assumed not  t o  p a r t i t i o n  between t h e  two p h a s e s .  For  t h e  
work d e s c r i b e d  h e r e ,  t h i s  a s s u m p t i o n  a p p e a r s  r e a s o n a b l e .  
T h i r d ,  t h e  CL r e a c t i o n  i s  assumed t o  have  p s u e d o - f i r s t  o r d e r  
k i n e t i c s .  For t h i s  t o  oc c u r  i n  e n z y m a t i c  r e a c t i o n s ,  t h e
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s u b s t r a t e  ha s  t o  be p r e s e n t  in  a c o n c e n t r a t i o n  l e s s  t h a n  t h e
M i c h a e l i s  c o n s t a n t  K . S i n c e  t h e  a n a l y t e  c o n c e n t r a t i o nm •*
w i l l  d r o p  t o  z e ro  a t  some p o i n t  w i t h i n  t h e  im m ob i l i z ed  
r e g i o n ,  t h i s  a s s u m p t i o n  i s  r e a s o n a b l e .
An a n a l o g o u s  p rob lem has  been  s o l v e d  by B l a e d e l  e t  a l  
(39) f o r  t h e  c a s e  o f  t h e  s t e a d y  s t a t e  r e s p o n s e  o f  an enzyme 
e l e c t r o d e .  Using t h e  a s s u m p t i o n s  s t a t e d  a b o v e ,  t h e y  have  
shown t h a t  t h e  a n a l y t e  c o n c e n t r a t i o n  as  a f u n c t i o n  o f  d e p t h  





The t e rm s  a r e  d e f i n e d  and d i me ns io ne d  a s  f o l l o w s :  S ( x ) ,  t h e
a n a l y t e  c o n c e n t r a t i o n  a t  p o s i t i o n  x ( m o l e / l i t e r ) ;
a n a l y t e  c o n c e n t r a t i o n  i n  t h e  b u l k  s o l u t i o n  ( m o l e / l i t e r ) ;  X,
t he  immo b i l i z ed  phase  t h i c k n e s s  (cm);  Ds , t h e  d i f f u s i o n
c o e f f i c i e n t  f o r  t h e  a n a l y t e  in  t h e  i m m ob i l i z ed  phase  
2(cm / s e c ) ;  K, t h e  p s e u d o - f i r s t  o r d e r  r a t e  c o n s t a n t  
( 1 / s e c )  .
Because  CL i s  i n h e r e n t l y  a r a t e  p r o c e s s ,  we a r e  
i n t e r e s t e d  in t h e  number o f  e v e n t s  pe r  u n i t  t i m e ,  V, 
o c c u r r i n g  i n  t h e  e n t i r e  r e a g e n t  p h a s e .  S i n c e  we a r e
21
assuming a p s e u d o - f i r s t  o r d e r  p r o c e s s  f o r  t h e  CL r e a c t i o n ,  
f o r  e ach  i n f i n i t e s i m a l  volume in t h e  im m o b i l i z ed  phase
R = K S (3)
where R i s  t h e  r a t e  o f  t h e  r e a c t i o n  ( m o l e s / l i t e r - s e c )  , and S 
i s  t h e  e f f e c t i v e  c o n c e n t r a t i o n  o f  t h e  a n a l y t e .  E q u a t i o n  2 
shows t h a t  S i s  an e x p o n e n t i a l  f u n c t i o n  o f  d e p t h  i n  t h e  
immob i l i z ed  p h a s e .  The i n t e g r a l  o f  S(x) from 0 t o  X t i m e s  
t h e  i n t e r f a c i a l  a r e a  A r e p l a c e s  S i n  e q u a t i o n  3 ,  which  
chan ge s  R t o  V, p r o d u c i n g  t h e  e x p r e s s i o n
X
V = A K I S(x)  dx (4)
0
E q u a t i o n  4,  i n  an i n c o m p l e t e  form,  i n d i c a t e s  t h e  t o t a l  
number o f  e v e n t s  o c c u r r i n g  in  t h e  volume o f  t h e  immob i l i z ed  





V = A K SKll. .  ------------ - ^ =  (5)
R e a r r a n g i n g  e q u a t i o n  5 r e s u l t s  in
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V = A K S. , .bu l k —  x dx
cosh-\ / ^—
E v a l u a t i n g  t h e  i n t e g r a l  y i e l d s










Which can  be r e a r r a n g e d  t o
s inh -







When t h e  v a l u e s  o f  -\J KjDs >> 2,  t h e  s i n h  and cosh  t e rm s  
a r e  e s s e n t i a l l y  eq u a l  and d ro p  o u t  o f  t h e  e q u a t i o n .  Th is  
c o r r e s p o n d s  t o  t h e  s i t u a t i o n  where  t h e  imm ob i l i z ed  phase  
t h i c k n e s s  and t h e  r e a c t i o n  r a t e  a r e  s u f f i c i e n t l y  l a r g e  so 
t h a t  t h e  a n a l y t e  i s  c o m p l e t e l y  r e a c t e d  b e f o r e  i t  ha s  a 
chance  t o  d i f f u s e  t h ro u gh  t h e  p h a s e .
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Thus f a r ,  i t  h as  been  assumed t h a t  no c o n c e n t r a t i o n  
g r a d i e n t  i s  formed i n  t h e  a n a l y t e  phase  a t  t h e  s u r f a c e  o f  
t h e  r e a g e n t  p h a s e .  In  p r a c t i c e ,  i f  t h e  r e a c t i o n  i n  t h e  
immob i l i z ed  phase  i s  f a s t ,  a n a l y t e  w i l l  be consumed a t  a 
f a s t  enough r a t e  t o  form a s i g n i f i c a n t  c o n c e n t r a t i o n  
g r a d i e n t  a c r o s s  t h e  i n t e r f a c e .  The r e s u l t i n g  a n a l y t e  
d e p l e t i o n  a t  t h e  i n t e r f a c e  i s  shown by t h e  d o t t e d  l i n e  in  
f i g u r e  4 .  In t h i s  c a s e ,  t h e  a s s u m p t io n  S(0)  = ^  i s
i n v a l i d .  T h e r e f o r e ,  a new v a r i a b l e ,  „  must  be
S  liIT E a C c
d e f i n e d  a s  t h e  s t e a d y - s t a t e  c o n c e n t r a t i o n  o f  t h e  a n a l y t e  a t  
t h e  i n t e r f a c e .  I f  t h e  s o l u t i o n  i s  s t i r r e d ,  t h e  N e r n s t  
d i f f u s i o n  l a y e r  c o n c e p t  ( 4 0 ) ,  commonly used  i n  
e l e c t r o c h e m i c a l  t h e o r y ,  may be a p p l i e d .  The e q u a t i o n  f o r  a 
one d i m e n s i o n a l  model  i s
V« = A Ds ^Sbu lk  ~ Ss u r f a c e ^
S
where V' i s  t h e  number o f  moles  o f  a n a l y t e  r e a c h i n g  t h e  
s u r f a c e  pe r  u n i t  t i m e ,  A i s  t h e  i n t e r f a c i a l  a r e a ,  Dg i s  
t h e  d i f f u s i o n  c o n s t a n t  o f  t h e  a n a l y t e  i n  s o l u t i o n ,  and i s
t h e  N e r n s t  d i f f u s i o n  l a y e r  t h i c k n e s s ,  o r  t h e  t h i c k n e s s  o f  
t h e  membrane forming t h e  i n t e r f a c e .  The d i f f u s i o n  l a y e r  
t h i c k n e s s  i s  a f u n c t i o n  o f  how we l l  t h e  s o l u t i o n  i s  mixed 
( F i gu r e  4 ) .
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E q u a t i o n  10 may be m o d i f i e d  by s e t t i n g  o f
e q u a t i o n  9 eq ua l  t o  S , o f  e q u a t i o n  10 and c a n c e l l i n gs u r t s c s
t h e  h y p e r b o l i c  f u n c t i o n s .  At s t e a d y - s t a t e ,  t h e  number o f  
moles  o f  a n a l y t e  r e a c h i n g  t h e  immo b i l i z ed  ph a se  e q u a l s  t h e  
number o f  moles  r e a c t i n g  w i t h i n  t h e  im m ob i l i z ed  p h a s e ,  i e .  
V=V' . By s i m p l i f y i n g  and r e a r r a n g i n g  e q u a t i o n  9 ,  
s u b s t i t u t i n g  Ss u r f a c e  f o r  Sb u l k ,
V
Ss u r  f a c e  = ------------------------  (11)s u r f a c e  a K D
s
S u b s t i t u t i n g  e q u a t i o n  11 i n t o  e q u a t i o n  10 and r e a r r a n g i n g
K Ds A(D / § )  S . k 
V = ----- ® ( 12)
K Ds + <V&)
E q ua t i o n  11 i s  a com p l e t e  e x p r e s s i o n  which r e l a t e s  t h e  
i n t e g r a t e d  r e a c t i o n  r a t e  o f  t h e  r e a c t i o n  w i t h  an immob i l i z ed  
r e a g e n t  t o  t h e  p s u e d o - f i r s t  o r d e r  r a t e  c o n s t a n t ,  a n a l y t e  
c o n c e n t r a t i o n  t h e  a n a l y t e  d i f f u s i o n  r a t e ,  and t h e  q u a l i t y  o f  
m i x i n g .
S e v e r a l  e f f i c i e n c y  f a c t o r s  must  be c o n s i d e r e d  to  r e l a t e  
t h e  CL s i g n a l  i n t e n s i t y  t o  t h e  i n t e g r a t e d  r e a c t i o n  r a t e .  By 
s u b s t i t u t i n g  i n t o  e q u a t i o n  1,  one g e t s
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Av o g a d r o ' s  Number i s  r e q u i r e d  t o  c o n v e r t  t h e  u n i t s  o f  I CL 
from moles  o f  p h o t o n s / s e c  t o  p h o t o n s / s e c  As e x p e c t e d ,  t h e  CL 
i n t e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  b u l k  c o n c e n t r a t i o n  o f  t h e  
a n a l y t e .
I f  y  K Ds << Ds / S , t h e  s i g n a l  i n t e n s i t y  w i l l  be 
l i m i t e d  by t h e  k i n e t i c s  o f  t h e  CL r e a c t i o n .  The i n t e n s i t y  
w i l l  depend upon t h e  p s u e d o - f i r s t  o r d e r  r a t e  c o n s t a n t .  The 
o v e r a l l  i n t e n s i t y  w i l l  be l ower  t h a n  i n  t h e  o t h e r  l i m i t i n g  
c a s e .  The s i g n a l  w i l l  n o t  d e m o n s t r a t e  a d e pe n de n ce  upon t h e  
mixing e f f i c i e n c y .  When K Dg >> D /  §  , t h e  s i g n a l  
w i l l  become mass t r a n s f e r - l i m i t e d .  T h i s  c i r c u m s t a n c e  i s  
a n a l y t i c a l l y  d e s i r a b l e  s i n c e  a g r e a t e r  i n t e n s i t y  and b e t t e r  
s e n s i t i v i t y  may be a c h i e v e d .  The s i g n a l  i n t e n s i t y  w i l l  
depend upon t he  mixing  e f f i c i e n c y  b u t  w i l l  be i n d e p e n d e n t  o f  
r e a c t i o n  r a t e .
T h i s  model may be e x t e n d e d  t o  t h e  c a s e  o f  an
e n z y m e - c a t a l y z e d  r e a c t i o n  u t i l i z i n g  M i c h a e l i s - M e n t e n
k i n e t i c s .  S ince  t h e  p s u e d o - f i r s t  o r d e r  r a t e  c o n s t a n t  K i s
equa l  to Vmax/ Km' a t  s u b s t r a t e  c o n c e n t r a t i o n s  l e s s  t h a n
a few p e r c e n t  o f  t h e  K s u b s t i t u t i o n  r e s u l t s  inm
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A q u a n t i t a t i v e  t h e o r e t i c a l  model  o f  t h e  t i m e  r e s p o n s e  
f o r  Two Phase CL h a s  n o t  been  d e v e l o p e d .  However ,  i t  i s  
p o s s i b l e  to  d e l i n e a t e  some o f  t h e  q u a l i t a t i v e  a s p e c t s  
c o n c e r n i n g  t h e  f a c t o r s  a f f e c t i n g  t h e  r e s p o n s e  t i m e s  o f  t h e s e  
dev i c e s .
I n i t i a l l y ,  a two phase  CL d e v i c e  w i l l  have  a 
c o n c e n t r a t i o n  p r o f i l e  in t h e  form o f  a s t e p  f u n c t i o n .  Under 
t he  i n f l u e n c e  o f  c o n c e n t r a t i o n  g r a d i e n t s ,  t h e  p r o f i l e  w i l l  
s t a r t  to become a smooth c u r v e ,  which w i l l  a c h i e v e  a 
s t e a d y - s t a t e  form a f t e r  some p e r i o d  o f  t i m e .  T h i s  t im e  
p e r i o d  w i l l  be a f u n c t i o n  o f  t h e  d e p t h  o f  t h e  c o n c e n t r a t i o n  
p r o f i l e  ( 8  +x ) an<3 t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  
m o l e c u l e ,  a ssuming  no c o m p l i c a t i n g  e q u i l i b r i a  e x i s t .  The 
dep th  of  a n a l y t e  p e n e t r a t i o n  i n t o  t h e  im m o b i l i z ed  phase  
shou ld  be a f u n c t i o n  o f  t h e  r e a c t i o n  r a t e ,  t h e  d i f f u s i o n  
c o e f f i e c i e n t , and t h e  a n a l y t e  c o n c e n t r a t i o n  i n  t h e  b u l k  
p h a s e .  I f  t h e  r e a c t i o n  i s  s u f f i c i e n t l y  f a s t ,  8  >>x,  t h e n  
t he  r e s p o n s e  t ime  sh o u l d  become i n d e p e n d e n t  o f  t h e  r e a c t i o n  
r a t e .
CHAPTER THREE
INTRODUCTION TO THE CHEMILUMINESCENT- 
FIBER OPTIC PROBE
An immob i l i z ed  CL r e a g e n t  i s  used i n  two phase  
c h e m i l u m i n e s c e n c e . T h i s  r e a g e n t  may r e a c t  d i r e c t l y  w i t h  t h e  
a n a l y t e  to  p roduce  e m i s s i o n ,  o r  i t  may c a t a l y z e  t h e  CL 
r e a c t i o n  be tween t h e  a n a l y t e  and a s econd  r e a c t a n t .  A 
u s e f u l  p r o p e r t y  f o r  t h e  immo b i l i z ed  r e a g e n t  i s  a h igh  
m o l e c u l a r  w e i g h t .  High m o l e c u l a r  w e i g h t  s p e c i e s  a r e  e a s i l y  
t r a p p e d  in  t h e  f i b r o u s  ne twork  o f  an i m m o b i l i z i n g  g e l  o r  a r e  
e a s i l y  r e t a i n e d  by a d i a l y s i s  membrane.  BL r e a c t i o n s ,  and 
some CL r e a c t i o n s ,  a r e  c a t a l y z e d  by h i g h  m o l e c u l a r  w e ig h t  
s p e c i e s  known as  enzymes .
Enzymes have  enormous a n a l y t i c a l  p o t i e n t i a l .  Enzymes 
a r e  g e n e r a l l y  v e r y  s p e c i f i c  f o r  t h e i r  s u b s t r a t e s .  The 
c a t a l y z e d  r e a c t i o n  o c c u r s  unde r  c h e m i c a l l y  m i ld  c o n d i t i o n s .  
These q u a l i t i e s  e n a b l e  t h e  a n a l y s t  t o  employ s i m p l e  
m e t h o d o l o g i e s  i n  v e r y  complex m a t r i c i e ' s  w i t h o u t  l o s s  o f  
s p e c i f i c i t y  o r  c o m p l i c a t i n g  s i d e  r e a c t i o n s .  A d i f f i c u l t y  o f  
enzyme t e c h n i q u e s  ha s  been  t h e  h i g h  c o s t  o f  enzymes o f  
s u f f i c i e n t  p u r i t y  t o  use i n  a n a l y s i s .  A p o t e n t i a l  s o l u t i o n
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t o  t h e  c o s t  p rob lem i s  t o  immobi l i z e  t h e  enzyme s i n c e  an 
immobi l i z ed  enzyme may be r eu s ed  ( 4 1 - 4 3 ) .
Enzyme e l e c t r o d e s  a r e  a n a l y t i c a l  d e v i c e s  which  u t i l i z e  
im mobi l i z ed  enzymes .  These d e v i c e s  have  an i m m ob i l i z ed  
enzyme ov e r  t h e  s u r f a c e  o f  an e l e c t r o d e .  The enzyme r e a c t s  
w i th  t h e  a n a l y t e  and e i t h e r  consumes a s e c o n d ,  e l e c t r o a c t i v e  
s u b s t r a t e  o r  p r o d u c e s  an e l e c t r o a c t i v e  p r o d u c t  (39) .
The C h e m i l u m i n e s c e n t - F i b e r  Op t i c  Probe  (CL-FOP) i s  a 
d e v i c e  which i s  s i m i l a r  t o  t h e  enzyme e l e c t r o d e .  An 
immobi l i z ed  enzyme phase  c o v e r s  t h e  a c t i v e  f a c e  o f  t h e  
" s e n s o r " .  The an . a ly te  d i f f u s e s  i n t o  t h e  enzyme p h a s e ,  
un de rgoes  a r e a c t i o n ,  and y i e l d s  a p r o d u c t  which  e m i t s  
l i g h t .  The e m i t t e d  l i g h t  can t h e n  be q u a n t i t a t e d .
The e x p e c t e d  a d v a n t a g e s  o f  a CL-FOP a r e  t h e  s e n s i t i v i t y  
o f  CL r e a c t i o n s ,  and t h e  c o n s e r v a t i o n  o f  enzymes .  S i n c e  BL 
enzymes a r e  e x p e n s i v e ,  i n i t i a l  c h a r a c t e r i z a t i o n  o f  t h e  
CL-FOP was w i th  o x i d a t i o n  o f  l umino l  by hyd r oge n  p e r o x i d e .  
This  r e a c t i o n  i s  c a t a l y z e d  by p e r o x i d a s e ,  which  i s  a r o b u s t  
and i n e x p e n s i v e  enzyme.
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EXPERIMENTAL
Re agen t s
A l l  r e a g e n t s  and t h e i r  s o u r c e s  a r e  l i s t e d  i n  T ab l e  1.
Two p r o c e d u r e s  were used t o  p r e p a r e  t h e  immob i l i z ed  
r e a g e n t  p h a s e s .  For  some e x p e r i m e n t s ,  a weighed amount  o f  
enzyme was d i s s o l v e d  i n  t h e  same b u f f e r  used  t o  make t h e  
sample  s o l u t i o n .  Th i s  s o l u t i o n  s e r v e d  a s  t h e  r e a g e n t  p h a s e .  
S e p a r a t i o n  o f  t h e  r e a g e n t  phase  from t h e  a n a l y t e  s o l u t i o n  
was by means o f  a d i a l y s i s  membrane be tween t h e  two p h a s e s .  
P h y s i c a l  e h t r a p m e n t  o f  t h e  enzyme in  a p o l y a c r y l a m i d e  g e l  
was used i n  most  e x p e r i m e n t s  ( 4 2 ) .  The p r e p a r a t i o n  o f  t h e  
g e l  was an a d a p t a t i o n  o f  a method r e p o r t e d  t o  form a s t a b l e ,  
c l e a r  g e l  (42) . The g e l  was formed from a 50 ml s o l u t i o n  o f  
e i t h e r  0 . 1  M b o r a t e  o r  0 . 1  M p h o s h a t e  b u f f e r ,  c o n t a i n i n g  
0 .12  g N , N - m e t h y l e n e - b i s a c r y l a m i d e , and 2 .3 8  g a c r y l a m i d e .  
The b u f f e r  pH and l u m in o l  c o n c e n t r a t i o n  were c ho sen  t o  match  
t he  r e s p e c t i v e  s ample  s o l u t i o n  v a l u e s .  T y p i c a l  v a l u e s  were
_3
10 M lu mi no l  and pH 9.  The b u f f e r  s o l u t i o n  was h e a t e d  
to 60°C to  d i s s o l v e  t h e  a c r y l a m i d e .  The s o l u t i o n  was t h e n  
coo led  t o  35°C and f i l t e r e d  t o  remove u n d i s s o l v e d  s o l i d s .  
This  s o l u t i o n  was s t a b l e  a t  4°C f o r  a t  l e a s t  two d a y s .
The g e l  was formed a f t e r  a d d i t i o n  o f  t he  enzymes t o  t he  





L i s t  o f  Reagen t  S u p p l i e r s  f o r  CL-FOP
REAGENT SOURCE
H o r s e r a d i s h  P e r o x i d a s e Sigma t y p e  I
' (91 P u r p u r o g a l l i n  Uni t s /mg)
Glucose  Oxidase Sigma t y p e  V I I ,
(130 u n i t s / m g )
Bor i c  Acid "Baker  A n a l y se d"  r e a g e n t
r.-.ir Sodium Phosp ha t e "Baker  Ana ly sed "  Reagen t
monobas ic
Po t a s s ium Hydroxide "Baker  An a l y s ed "  Reagen t
N ,N-me thy l ene - A l d r i c h
b i s  a c r y l a m i d e
L7 ■ Acryl amide A l d r i c h!" 30% Hydrogen Pe r o x i d e "Baker  Ana l y sed "  Reagent
; Glucose A l d r i c h
i:i; 3 - a m i n o p h t h a l h y d r a z i d e A l d r i c h
Po t a s s ium F e r r i c y a n i d e "Baker  A n a l y se d"  Reagent
................
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and p o t a s s i u m  p e r s u l f a t e  were added t o  e f f e c t  t h e  
p o l y m e r i z a t i o n  o f  t h e  a c r y l a m i d e  and t h e  b i s a c r y l a m i d e . 
P o l y m e r i z a t i o n  was a cc o m p l i sh e d  i n  a wa t e r  s a t u r a t e d  
n i t r o g e n  en v i r onm en t  by i r r a d i a t i n g  t he  g e l  s o l u t i o n  w i th  a 
Hg pen lamp.  The g e l  was ab o u t  1 mm t h i c k  and a p p e a r e d  t o  
be u n i f o r m .  Unused g e l  was s t o r e d  i n  a b u f f e r -  l u m in o l  
s o l u t i o n  a t  4°C.
A d i ag ram o f  t h e  a p p a r a t u s  f o r  f orming t h e  imm ob i l i z ed  
enzyme g e l s  i s  shown in  F i g u r e  5.  A s t r e a m  o f  n i t r o g e n  ga s  
i s  t h e n  pa s se d  i n t o  a g l a s s  chamber ,  a b o u t  12 .7  cm long  and 
5 cm in  d i a m e t e r .  The open end o f  t h e  chamber  i s  c l o s e d  
wi th  a one h o l e  r u b b e r  s t o p p e r .  The g e l  i s  formed on t h e  
t op  s i d e  o f  a p i e c e  o f  p l e x i g l a s ,  which ha s  been  m i l l e d  t o  a 
de p th  o f  1 mm and p l a c e d  w i t h i n  t h e  chamber .  U.V. 
r a d i a t i o n  t o  i nduce  p o l y m e r i z a t i o n  was s u p p l i e d  by a Hg pen 
lamp,  w i th  t h e  s h i e l d  removed,  h e l d  ove r  t h e  g l a s s  chamber  
by a r i n g  s t a n d .  The e n t i r e  a p p a r a t u s ,  e x c e p t  f o r  t h e  
n i t r o g e n  c y l i n d e r ,  was k e p t  in a hood.  The f a c e  o f  t h e  hood 
was cove r ed  wi th  pa pe r  to  r educe  t h e  s t r a y  U.V. r a d i a t i o n .
B u f f e r - l u m i n o l  s o l u t i o n s  were p r e p a r e d  by combin ing  
a p p r o p r i a t e  amounts  o f  t h e  a c i d  i n  d e i o n i z e d  w a t e r  w i th  a 
b a s i c  s o l u t i o n  c o n t a i n i n g  l u m i n o l .  0 . 5  g / l i t e r  Na2EDTA 
was added ,  and t he  s o l u t i o n  t i t r a t e d  to t h e  d e s i r e d  pH wi th  
b a s e .  pH pap e r  was used t o  m on i to r  t h e  pH o f  t h e  s o l u t i o n .
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To P o w e r  S u p p l y
Hg P e n  L a m p
F o r m i n g
N2 F r o m  
Bu b b l e r
G l a s s  C h a m b e r  
t o p p e r
l e x i g l a s s
H o l d e r
FIGURE 5
A p p a r a t u s  f o r  Im m ob i l i z i n g  Enzymes 
in  a P o l y a c r y l a m i d e  Gel
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The EDTA was added t o  complex any t r a c e  m e t a l s  i n  t h e  
s o l u t i o n  t h u s  i n a c t i v a t i n g  t h e i r  c a t a l y t i c  p r o p e r t i e s ,  and 
r e d u c i n g  t h e  backg round  s i g n a l  due t o  m e t a l  c a t a l y z e d  
l um in o l  CL.
A n a l y t e  s t o c k  s o l u t i o n s  were p r e p a r e d  by d i l u t i o n  w i th  
d e i o n i z e d  w a t e r .  S t a n d a r d  s o l u t i o n s  were  t h e n  p r e p a r e d  by 
d i l u t i o n  o f  t h e  i n i t i a l  s t o c k  s o l u t i o n .  A n a l y t i c a l  s amp le s  
were t h e  r e s u l t  o f  add ing  a p o r t i o n  o f  s t o c k  s o l u t i o n  t o  10 
ml o f  b u f f e r  s o l u t i o n .  A l l  a n a l y t e  c o n c e n t r a t i o n s  r e f e r  t o  
t he  c o n c e n t r a t i o n  o f  t h e  a n a l y t e  a t  t h e  f i n a l  d i l u t e d  
c o n c e n t r a t i o n .
Ap p a ra tu s
The o r i g i n a l  a p p a r a t u s  i s  diagrammed in  F i g u r e  6 .  The 
sample  s o l u t i o n  was c o n t a i n e d  i n  a 15 ml Pyrex b e a k e r .  The 
be a k e r  was s e t  i n  a h o l e  c u t  i n t o  c o r r u g a t e d  c a r d b o a r d .
Both b e a k e r  and c a r d b o a r d  were g l u e d  t o  t h e  t o p  o f  a 
m ag ne t i c  s t i r r i n g  p l a t e .  PVC e l e c t r i c a l  t a p e  a round  t h e  
edges  o f  t h e  c a r d b o a r d  e l i m i n a t e d  l i g h t  l e a k s  and t a p e  ove r  
t h e  c a r d b o a r d  p r o v i d e d  a measure  o f  p r o t e c t i o n  from s p i l l s .
A 2x10 mm s t i r r i n g  ba r  was t h e  o n l y  s i z e  found which 
ach i ev ed  good s t i r r i n g  w i t h o u t  e i t h e r  s p i n n i n g  f r e e  o r  
v o r t e x i n g  p a r t  o f  t h e  s o l u t i o n  o u t  o f  t h e  b e a k e r .  S o l u t i o n  
w i t h d r a w a l  was ac c o m p l i sh e d  w i th  a sm a l l  d i a m e t e r  t u be
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V F i b e r  O p t i c r
S h u t t e r
Light  T ight  
Shie ld
S t i y r e r / /
E n z y m e  
^ ^ T H o ld e r
S a  m p l e  
S t i r r i n g  B a r
FIGURE 6
Diagram o f  CHEMILUMINESCENT 
FIBER OPTIC PROBE a p p a r a t u s
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f a s t e n e d  t o  a s y r i n g e .
The f i b e r - o p t i c  (FO) (C o rn in g ,  2 f t  l e n g t h , 1 /8  i n .
d i a m e t e r ,  n u m e r i c a l  a p e r a t u r e  0 . 6 3 ,  a c c e p t a n c e  a n g l e  39° ,
t r a n s m i t t a n c e  0 .63  a t  500 nm.) was s l i p - f i t t e d  i n t o  a l i g h t
s h i e l d .  The immob i l i z ed  pha se  was h e l d  i n  p l a c e  by a Nylon
n e t  from a s t o c k i n g  f i t t e d  be tween two c o n c e n t r i c  1 cm long
p i e c e s  o f  t ygon  t u b i n g .  D i a l y s i s  membrane,  when u s e d ,  was
he ld  by t h e  same h o l d e r  a s  t h e  g e l .  The o t h e r  end o f  t h e  FO
was i n s e r t e d  i n t o  an a d a p t e r  f i t t e d  t o  a 35 mm camera
s h u t t e r .  The s h u t t e r  was t ape d  w i th  e l e c t r i c a l  t a p e  t o  t he
vapor  b a r r i e r  o f  a P.M. t u b e  (EMI 9558 q a , S-20 r e s p o n se )
h o u s i n g .  A S ty ro foam o u t e r  h o us i ng  a l l owe d  t h e  P.M. t u be
to be co o l e d  wi th  c ru s h ed  d r y  i c e  t o  r e d uc e  t h e  d a r k  c u r r e n t
n o i s e .  At 1800 V, t he  room t e m p e r a t u r e  d a r k  c u r r e n t  was 
_8
abou t  10 A wi th  a p e a k - t o - p e a k  n o i s e  component  o f  
-92-3x10 A. A f t e r  c o o l i n g  w i th  d r y  i c e ,  t h e  d a rk  c u r r e n t  
av e r aged  9x10 A wi th  a n o i s e  component  o f  3 x l 0 - ^0 A
p e a k - t o - p e a k .  The P.M. t ub e  o u t p u t  was c o n n e c t e d  t o  a 610c 
K e i t h l y  E l e c t r o m e t e r .  The e l e c t r o m e t e r  o u t p u t  was c on n e c t e d  
to a Heath SR 255 A/B s t r i p  c h a r t  r e c o r d e r .
In  o r d e r  to  pe r fo rm  a c ru d e  t e m p e r a t u r e  dependence  
s t u d y  o f  t h e  p r o b e ,  an i c e  j a c k e t  was c o n s t r u c t e d  f o r  t h e  
l i g h t  s h i e l d  w i th  p l a s t i c  b a g s .  A f t e r  t h e y  were f i l l e d  w i th  
i c e ,  t he  bags  were t ap e d  t o  t h e  e x t e r i o r  o f  t h e  l i g h t
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s h i e l d .  A l l  s o l u t i o n s  were kep t  i n  an i c e b a t h  p r i o r  t o  u s e .
A f t e r  t h e  m a j o r i t y  o f  t h e  work was c o m p l e t e d ,  t h e  P.M. 
t u b e ,  P.M. t u b e  h o u s i n g ,  s h u t t e r ,  and e l e c t r o n i c s  were 
chang ed .  The end o f  t h e  f i b e r - o p t i c  was c o n n e c t e d  w i t h  a 
s h u t t e r ,  which f i t t e d  on a P r o d u c t s  f o r  R e s e a r c h  
r e f r i g e r a t e d  P.M. t u b e  h o us in g  (model T E - 1 0 1 4 3 ) . The P.M. 
t ube  was an RCA PF1012 t u b e  wi th  a 1/4 i n c h  p h o t o c a t h o d e  and 
S-20 r e s p o n s e .  The h i gh  v o l t a g e  s u p p l y  was s e t  a t  1800 
v o l t s .  The power s u p p l y  and e l e c t r o m e t e r  w^re c o n s o l i d a t e d  
i n t o  a SPEX d i g i t a l  p h o t o m e te r  (model DPC 2) which h a s  t h e  
c a p a b i l i t y  o f  pho ton  c o u n t i n g .  The c o o l i n g  c a p a b i l i t i e s  o f  
t he  P.M. t u b e  ho us i ng  were n o t  employed s i n c e  t h e  room 
t e m p e r a t u r e  d a rk  c u r r e n t  o f  t h e  RCA t u b e  was l e s s  t h a n  
10 ^  A, t h e  l o w e s t  c u r r e n t  r e a d a b l e  on t h e  SPEX 
p h o t o m e t e r .
P ro c e d u r e s
Measurements  o f  CL i n t e n s i t y  w i th  r e s p e c t  t o  p e r o x i d e  
c o n c e n t r a t i o n  were pe r fo rmed  by s t a n d a r d  a d d i t i o n  o f  25 u l  
p e r o x i d e  s o l u t i o n s  t o  t e n  ml o f  b u f f e r / l u m i n o l  s o l u t i o n .
The l i g h t  s h i e l d  was p l a c e d  ove r  t h e  b e a k e r ,  t h e  s h u t t e r  
opened ,  and t he  r e s u l t i n g  s i g n a l  r e c o r d e d  on t h e  c h a r t  
r e c o r d e r .  S e p a r a t e  g e l s ,  ma t ch ing  t he  sample  s o l u t i o n  in pH 
and l u mino l  c o n c e n t r a t i o n ,  were made f o r  e ach  d e t e r m i n a t i o n
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of  t h e  e f f e c t  o f  pH, l u mino l  c o n c e n t r a t i o n ,  and enzyme 
c o n c e n t r a t i o n .  The t e m p e r a t u r e  de pe nd e nc e  e x p e r i m e n t  was 
pe r fo rmed  a t  4°C and 24°C.  The e x p e r i m e n t a l  s e t - u p  was 
co o l e d  by t h e  i c e  j a c k e t  a s  d e s c r i b e d  e a r l i e r .  Except  f o r  
one s e t  o f  e x p e r i m e n t s ,  s t i r r i n g  was a t  t h e  h i g h e s t  r a t e  
p o s s i b l e .
Whi le  u s in g  t h e  o r i g i n a l  e q u i p m e n t ,  t h e  above  
p r o c e d u r e s  were f o l l o w ed  on a l l  b u t  t h r e e  s e t s  o f  
e x p e r i m e n t s ,  two o f  which i n v o lv e d  a t t e m p t s  t o  change  t h e  
c h e m i s t r y  o f  t he  sy s t e m .  The f i r s t  change  a t t e m p t e d  was t he  
s u b s t i t u t i o n  o f  L u c i g e n i n  ( F i g u r e  7) f o r  l u m i n o l  .
ch3
FIGURE 7
P e r o x i d e  was added by s t a n d a r d  a d d i t i o n  t o  a
b u f f e r / l u c i g e n i n  s o l u t i o n  o f  pH 9.  The. s econd  s e t  o f
e x p e r i m e n t s  used l u mino l  a s  t h e  a n a l y t e ,  i n s t e a d  o f
p e r o x i d e .  The p e r o x i d e  was h e l d  a t  a c o n c e n t r a t i o n  o f  
_210 M, and t he  c o n c e n t r a t i o n  o f  l u m in o l  v a r i e d .  The 
s o l u t i o n  was b u f f e r e d  a t  pH 9.
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The few e x p e r i m e n t s  pe r fo rm ed  on t h e  new eq u ipmen t  
i n c l u d e d  e x p e r i m e n t s  on c a t a l y s i s  by f e r r i c y a n i d e , hemin ,  
and p e r o x i d a s e .  The a n a l y t e s  u sed  were g l u c o s e  and hyd ro gen  
p e r o x i d e .  The p r o c e d u r e  f o r  e ach  e x p e r i m e n t  w i l l  be 
d e s c r i b e d  i n  t h e  a p p r o p r i a t e  R e s u l t s  s e c t i o n .
39
RESULTS AND DISCUSSION .
pH and Luminol  Dependence
I n i t i a l l y ,  i t  was a n t i c i p a t e d  t h a t  t h e r e  would be a 
marked pH depend en ce  o f  t h e  p robe  r e s p o n s e .  T h i s  i s  due t o  
t h e  d i f f e r e n c e  be tween t h e  optimum f o r  t h e  p e r o x i d a s e  
enzyme,  which i s  pH 7 ( 4 3 ) ,  and t h e  optimum pH f o r  l u m i n o l  
CL, which  i s  be tween  pH 10 and 11.  An e a r l y  e x p e r i m e n t  was
pe r fo rmed  t o  l o c a t e  t he  opt imum pH where  l u m i n e s c e n c e  i s
a c c e p t a b l y  i n t e n s e  w h i l e  m a i n t a i n i n g  s u f f i c i e n t  enzyme 
a c t i v i t y  t o  i n s u r e  a qu i c k  r e s p o n s e .
At t h e  t im e  t h i s  e a r l y  e x p e r i m e n t  was c a r r i e d  o u t ,  i t  
was a l s o  n o t  known what  e f f e c t  t h e  l u m i n o l  c o n c e n t r a t i o n  had 
upon t h e  CL s i g n a l  o f  t h e  p r o b e .  T h e r e f o r e ,  c o n c u r r e n t l y  
w i th  t h e  pH dependence  s t u d y ,  a l u mi no l  c o n c e n t r a t i o n  
dependence  s t u d y  was p e r f o r m e d .  Th is  r e s u l t e d  i n  a two 
d i m e n s i o n a l  mapping e x p e r i m e n t .  The t e s t  c o n d i t i o n s  were 
pH' s  o f  8 ,  9 ,  and 10,  e ach  f o r  l u mi no l  c o n c e n t r a t i o n s  o f  
10  ^ M, 10"3 M, and 10~2 M. S inc e  r e s p o n s e  t i m e  had
to be t r a d e d  f o r  s i g n a l  i n t e n s i t y .  An opt imum s e t  o f
c o n d i t i o n s  was s e l e c t e d  f o r  f u r t h e r  c h a r a c t e r i z a t i o n .  The 
c r i t e r i a  f o r  s e l e c t i o n  o f  t h e  optimum were s i g n a l  i n t e n s i t y  
and t ime  t o  r e a c h  s t e a d y - s t a t e .
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_3The pH e f f e c t  i s  i l l u s t r a t e d  by t h e  d a t a  f o r  10 M 
lumino l  in  F i g u r e  8 and t h e  r e l a t i v e  i n t e n s i t y  v a l u e s  i n  
Tab l e  2.  At pH 8 ,  t h e  s i g n a l  r e a c h e s  a s t e a d y - s t a t e  v e r y  
q u i c k l y ,  r e f l e c t i n g  t he  h i g h e r  p e r o x i d a s e  a c t i v i t y  a t  lower  
p H ' s .  However,  t h e  s i g n a l  i n t e n s i t y  i s  r e l a t i v e l y  weak,  due 
t o  t h e  i n e f f i c i e n c y  o f  l um in o l  CL a t  t h i s  low pH. The 
s i t u a t i o n  i s  r e v e r s e d  a t  pH 10.  The long  p e r i o d  o f  t ime  
r e q u i r e d  t o  r e a ch  a s t e a d y - s t a t e  i n t e n s i t y  i s  t h e  r e s u l t  o f  
t h e  low enzyme a c t i v i t y .  S in c e  t h e  enzyme i s  l e s s  a c t i v e ,  
t he  p e r o x i d e  must  d i f f u s e  t o  a g r e a t e r  d e p t h  i n  t h e  g e l  
b e f o r e  be in g  t o t a l l y  consumed.  The h i g h  pH, ho weve r ,  a l s o  
c a u s e s  t h e  l u m in o l  CL p r o c e s s  t o  be more e f f i c i e n t  t h an  a t  
low p H ' s .  S i g n a l  i n t e n s i t y  a t  pH 10 i s  a l m o s t  e i g h t  t i m e s  
t he  v a l u e  a t  pH 8 f o r  t h e  same l u mi no l  c o n c e n t r a t i o n .  At a 
pH o f  9 ,  t h e  t ime  r e q u i r e d  t o  r e a ch  s t e a d y - s t a t e  i s  g r e a t e r  
t han  f o r  pH 8,  b u t  l e s s  t h a n  f o r  pH 10,  h a v in g  a v a l u e
_3
between 30 and 45 s e c o n d s .  For  10 M lu m i n o l  t h e  
i n t e n s i t y  a t  pH 9 i s  g r e a t e r  t han  a t  pH 10.  At pH 9 
p e r o x i d a s e  i s  a b e t t e r  c a t a l y s t ,  c o m pe n sa t i n g  f o r  t h e  h i g h e r  
CL e f f i c i e n c y  a t  pH 10.
The p robe  r e s p o n s e  dependence  upon l um in o l  
c o n c e n t r a t i o n  was l e s s  d r a m a t i c  t h a n  t h e  d ep end en ce  on pH. 
N e v e r t h e l e s s ,  some e f f e c t  was o b s e r v e d ,  and i s  shown in 
Table  3.  At pH 9,  i n c r e a s i n g  t he  l u m in o l  c o n c e n t r a t i o n  






Response  o f  CL-FOP Under D i f f e r e n t  C o n d i t i o n s
CL i n t e n s i t y  v s .  t im e  unde r  d i f f e r e n t  
c o n d i t i o n s :  *
(a) pH 9,  10 fM. l u m i n o l ,  l O ^ M  H , 0 9
(b) pH 10,  10 ,  M l u m i n o l ,  10T M
(c) pH 8 ,  10_fM l u m i n o l ,  10 H_0,
(d) pH 9 ,  10 M l u m i n o l ,  10 M H^O^
A l l  d a t a  f o r  a p o l y a c r y a m i d e  g e l  c o n t a i n i n g  
lmg/ml h o r s e r a d i s h  p e r o x i d a s e .
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TABLE 2
R e l a t i v e  I n t e n s i t y  a s  a F u n c t i o n  o f  pH and Luminol
Emis s ion  I n t e n s i t y  f o r :  
10_2M 10- 3 M 10- 4 M





88 0.99 0 . 5 0
00 0 .72 0 .10
A l l  i n t e n s i t y  v a l u e s  a r e  n o r m a l i z e d  r e l a t i v e  t o  t h e  
i n t e n s i t y  f o r  10 M lu m in o l  a t  pH 10.
Table 3
R e l a t i v e  Response  Time a s  a F u n c t i o n  o f  pH and Luminol
90% Response  t i m e s  f o r :
10- 2 M 10_3M 1 0"4M








1 . 0 0
0 .51
0 .7 2
1 v a l u e s  a r e n o r m a l i z e d  r e l a t i v e  t o  t h e  r e s p o n s e  t ime
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t h i s  i s  t h a t  l u m i n o l  i s  a l s o  a s u b s t r a t e  i n  t h i s  r e a c t i o n .  
T h e r e f o r e ,  an i n c r e a s e  i n  t h e  l u m i n o l  c o n c e n t r a t i o n  w i l l  
i n c r e a s e  t h e  o v e r a l l  r e a c t i o n  r a t e ,  t h e r e b y  d e c r e a s i n g  t h e  
t ime  r e q u i r e d  t o  r e a c h  a s t e a d y  s t a t e  r e s p o n s e .  For  pH 10,
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th e  10 M lu mi no l  c o n c e n t r a t i o n  i s  t h e  s l o w e s t  r e s p o n d i n g  
s e t  o f  c o n d i t i o n s .
The maximum s t e a d y - s t a t e  s i g n a l  o c c u r s  a t  10-  ^ M
l um i n o l  a t  b o t h  pH 8 and 9 .  Maximum s t e a d y - s t a t e  r e s p o n s e
_2a t  pH 10 i s  w i th  10 M l u m i n o l .  R a t i o n a l i z i n g  t h e s e  
r e s u l t s  i s  d i f f i c u l t ,  b u t  may be due t o  t h e  n a t u r e  o f  t h e  
p e r o x i d a s e - l u m i n o l  r e a c t i o n  ( 4 4 ) .  The re  i s  a f r e e  r a d i c a l  
i n t e r m e d i a t e  which r e s u l t s  f rom t h e  r e a c t i o n  o f  an 
i n t e r m e d i a t e  form o f  t h e  enzyme and a l u m i n o l  m o l e c u l e .
Th i s  f r e e  r a d i c a l  e v e n t u a l l y  r e a c t s  w i t h  a f r e e  p e r o x i d e  
m o l e c u l e .  I t  i s  r e a s o n a b l e  t o  e x p e c t  t h a t  a t  pH ' s  8 and 9 ,  
where  t h e  enzyme i s  r e l a t i v e l y  a c t i v e ,  an a p p r e c i a b l e  
c o n c e n t r a t i o n  o f  t h e  f r e e  r a d i c a l  c o u l d  a c c u m u l a t e .  At
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l u m in o l  c o n c e n t r a t i o n s  above  10 M, t h e  c o n c e n t r a t i o n  o f  
f r e e  r a d i c a l  i n t e r m e d i a t e s  c o u l d  be l a r g e  enough t o  a l l o w  
s i d e  r e a c t i o n s  t o  become k i n e t i c a l l y  i m p o r t a n t ,  l e a d i n g  t o  a 
qu ench ing  o f  t h e  s i g n a l .  At a pH o f  10,  t h e  enzyme i s  
r e l a t i v e l y  i n a c t i v e ,  and t h e  f r e e  r a d i c a l  i n t e r m e d i a t e  ne v e r  
a c h i e v e s  a h i g h  enough c o n c e n t r a t i o n  t o  s u f f e r  from t h e s e  
s i d e  r e a c t i o n s .
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S i n c e  l u m in o l  c o n c e n t r a t i o n  and pH a f f e c t  t h e  CL 
i n t e n s i t y ,  a l l  g e l s  were formed from t h e  same b u f f e r  a s  t h e  
t e s t  s o l u t i o n .  The g e l  was a l s o  soaked  i n  t h e  t e s t  s o l u t i o n  
as  a f u r t h e r  p r e c a u t i o n .  Under t h e s e  c o n d i t i o n s ,  any 
c o n c e n t r a t i o n  g r a d i e n t s  i n  t h e  unused  g e l  s h o u l d  be 
e l i m i n a t e d .
C o n c e n t r a t i o n  g r a d i e n t s  can  fo rm ,  ho w e ve r ,  w i t h  
s u f f i c i e n t l y  h i g h  c o n c e n t r a t i o n s  o f  p e r o x i d e  due t o  t h e  
d e p l e t i o n  o f  l u m i n o l .  The p e r o x i d e  m o l e c u l e  i s  c o n s i d e r a b l y  
s m a l l e r  t h a n  t h e  l u m i n o l  m o l e c u l e ,  and s h o u l d  d i f f u s e  more 
r a p i d l y  i n  t h e  g e l .  S i n c e  t h e  s t o i c h i o m e t r i c  r a t i o  i s  two 
p e r o x i d e s  rone l u m i n o l ,  und e r  c o n d i t i o n s  o f  d i f f u s i o n - l i m i t e d  
mass t r a n s p o r t ,  l u m i n o l  sh o u l d  become d e p l e t e d  w i t h i n  t h e
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r e a c t i o n  zone .  For  c o n d i t i o n s  o f  10 M l u m i n o l  i n  a pH 9 
-4b u f f e r ,  t h e  10 M p e r o x i d e  s i g n a l  d e c a y s  a t  a r a t e  o f  
about  1% p e r  m i n u t e .  For  a 10 5 M p e r o x i d e  s i g n a l 5 t h e  
r a t e  o f  d e ca y  i s  much s m a l l e r .
T r a c e s  A and D in  F i g u r e  8 a l s o  show an i n t e r e s t i n g  
e f f e c t  o f  p e r o x i d e  c o n c e n t r a t i o n  upon t h e  r e s p o n s e  t i m e .
For our  p u r p o s e s ,  r e s p o n s e  t ime  i s  t h e ' t i m e  be tween  t h e  
i n s e r t i o n  o f  t h e  p rob e  i n t o  t h e  t e s t  s o l u t i o n  and t h e  
a t t a i n m e n t  o f  a h o r i z o n t a l  p o r t i o n  o f  t h e  t r a c i n g .  At 
10 5 M p e r o x i d e  ( t r a c e  D ) , w i t h  a pH 9 and 10-  ^ M lu m in o l  
s o l u t i o n ,  t h e  r e s p o n s e  t i m e  i s  t y p i c a l l y  3-5 s e c o n d s .  Th is
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-4compares  t o  a r e s p o n s e  t im e  o f  50 s e c o n d s  f o r  10 M 
p e r o x i d e  unde r  t h e  same c o n d i t i o n s .
P r e c i s i o n  and t h e  E f f e c t  o f  S t i r r i n g
The CL-FOP i s  e x p e c t e d  t o  be h i g h l y  s e n s i t v e  t o  t h e  
r a t e  o f  s t i r r i n g  o f  t h e  s o l u t i o n .  R e c a l l i n g  e q u a t i o n  14
K Ds + (Ds / § )
i t  can  be s e en  t h a t  when v  V D /Km >> D /R ,  t h e  CLv max s s  w
i n t e n s i t y  w i l l  be d e p e n d e n t  upon Q . When (5 i s  d e c r e a s e d  
in m a g n i t u d e ,  t h e  CL i n t e n s i t y  r i s e s .  S i n c e  t h e  d i f f u s i o n  
l a y e r  t h i c k n e s s  i s  a f u n c t i o n  o f  t h e  s t i r r i n g  r a t e ,  t h e  
CL-FOP s h o u l d  be v e r y  s e n s i t i v e  t o  v a r i a t i o n s  i n  s t i r r i n g  
when mass t r a n s f e r - l i m i t e d .  I f  t h e  p r o b e  i s  e x p e r i m e n t a l l y  
s e n s i t i v e  t o  ch an g e s  i n  t h e  s t i r r i n g ,  i t  i s  a good 
i n d i c a t i o n  t h a t  t h e  p e r o x i d a s e  c o n c e n t r a t i o n  i s  s u f f i c i e n t  
t o  d e p l e t e  t h e  hydrogen  p e r o x i d e  c o n c e n t r a t i o n  a t  t h e  
g e l / s o l u t i o n  i n t e r f a c e .
An e x p e r i m e n t  was done t o  i n v e s t i g a t e  t h e  de pen de n ce  o f  
t he  CL-FOP t o  s t i r r i n g  and a p o s s i b l e  t e c h n i q u e  f o r  
improving  p r e c i s i o n .  S i g n a l  i n t e n s i t y  was h a l v e d  by 
d e c r e a s i n g  t h e  r a t e  o f  s t i r r i n g  from t h e  h i g h e s t  s e t t i n g  t o  
t he  l o w e s t  s e t t i n g  t h a t  c o u ld  be c ou n t e d  on t o  c o n t i n u e
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m ix i n g .  S t o p p i n g  s t i r r i n g  a l t o g e t h e r  r e s u l t e d  i n  a v e r y
-4sm a l l  s i g n a l  w i th  10 M p e r o x i d e .  The i n t e n s i t y  would
r e t u r n  t o  i t s  o r i g i n a l  ( s t i r r e d )  v a l u e  upon r e s u m p t i o n  o f
s t i r r i n g .  These  r e s u l t s  l ed  us t o  g l u e  t h e  b e a k e r  t o  t h e
s t i r r i n g  p l a t e ,  i n  o r d e r  t o  o b t a i n  t h e  mos t  r e p r o d u c i b l e
s t i r r i n g  p o s s i b l e  w i th  t h e  equ ipmen t  a t  h a n d .  The w i t h - i n
run p r e c i s i o n  o f  t h e  i n t e n s i t y  v a l u e s  unde r  t h e s e  c o n d i t i o n s
was a b o u t  10% r e l a t i v e  s t a n d a r d  d e v i a t i o n  (RSD) f o r  f i v e
-4r e p l i c a t e  measu remen t s  o f  10 M p e r o x i d e .  As w i l l  be 
d i s c u s s e d  l a t e r ,  t h e  RSD in  t e rm s  o f  c o n c e n t r a t i o n  i s  l e s s  
t h a n  10% be ca u se  t h e  p r o b e ' s  r e s p o n s e  t o  ^2°2 *s 
n o n l i n e a r .
Whi le  i n v e s t i g a t i n g  t h e  e f f e c t  o f  s t i r r i n g  on t h e  CL 
i n t e n s i t y ,  a d i a l y s i s  membrane was p l a c e d  o v e r  t h e  enzyme 
g e l  a t  t h e  g e l / s o l u t i o n  i n t e r f a c e  i n  an a t t e m p t  t o  improve 
p r e c i s i o n .  I t  was e x p e c t e d  t h a t  t h e  s i g n a l  i n t e n s i t y  would 
d e c r e a s e  and t h e  p r e c i s i o n  would improve due t o  t h e  l a r g e r  
d i f f u s i o n  l a y e r  imposed by t h e  membrane.
The p r e s e n c e  o f  d i a l y s i s  membrane d e c r e a s e d  t h e  s i g n a l
by a f a c t o r  o f  0 . 6 2 ,  w h i l e  improving  t h e  p r e c i s i o n  o f
measured  i n t e n s i t y  from ab o u t  10% to  5% RSD. A se q u e n c e  o f
f i v e  r e p l i c a t e  mea su r eme n t s  were made i n  e ach  c a s e .  The
p r e s e n c e  o f  a d i a l y s i s  membrane a l s o  i n c r e a s e d  t h e  r e s p o n s e  
-4t ime  o f  10 M p e r o x i d e  s i g n a l s  by a b o u t  15 t o  20 s e c o n d s .
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The d i a l y s i s  membrane a p p e a r s  t o  f u n c t i o n  i n  t h i s  c a s e  
by e f f e c t i v e l y  making a t h i c k e r  d i f f u s i o n  l a y e r ,  s i n c e  sma l l  
m o l e c u l e s  a r e  f r e e  t o  d i f f u s e  t h r o u g h  t h e  p o r e s  o f  t h e  
membrane.  Whi l e  t h e  d i a l y s i s  membrane ad ds  t o  t h e  t h i c k n e s s  
o f  t h e  d i f f u s i o n  l a y e r ,  t h e  membrane d o e s  n o t  a f f e c t  t h e  
v a r i a b i l i t y  o f  t h e  d i f f u s i o n  l a y e r .  T h e r e f o r e ,  t h e  r e l a t i v e  
u n c e r t a i n t y  o f  t h e  d i f f u s i o n  l a y e r  i s  d e c r e a s e d  by t h e  
a d d i t i o n  o f  t h e  d i a l y s i s  membrane.  T h i s  r e s u l t s  i n  improved 
p r e c i s i o n .  The i n c r e a s e  i n  r e s p o n s e  t i m e  i s  due t o  t h e  
i n c r e a s e  i n  t h e  l a y e r ' s  t h i c k n e s s .  More t i m e  i s  r e q u i r e d  to  
e s t a b l i s h  a s t e a d y  s t a t e  c o n c e n t r a t i o n  g r a d i e n t  o v e r  a long  
d i s t a n c e  t h a n  a s h o r t  d i s t a n c e .
Tempera tu r e  S t u d i e s
Enzyme a c t i v i t i e s  a r e  g e n e r a l l y  v e r y  t e m p e r a t u r e  
d e p e n d e n t ,  t h e  r a t e  o f  t h e  r e a c t i o n  o f t e n  d o u b l i n g  f o r  e ach  
10°C i n c r e a s e  up t o  t h e  p o i n t  where t h e  p r o t e i n  s t a r t s  t o  
t h e r m a l l y  d e n a t u r e .  E q u a t i o n  14 p r e d i c t s  t h a t  when t h e  
CL-FOP i s  k i n e t i c a l l y  l i m i t e d ,  t h e  CL i n t e n s i t y  w i l l  v a r y  a s
the Vvmax • T h u s ' f o  r an a p p r o x i m a t e l y  20°C change  i n  
t e m p e r a t u r e ,  i f  t h e  p robe  i s  k i n e t i c a l l y  l i m i t e d ,  t h e  CL 
i n t e n s i t y  s h o u l d  change  by a f a c t o r  o f  2.  D i f f u s i o n  
p r o c e s s e s  have  much l ower  t e m p e r a t u r e  c o e f f i c i e n t s .  Thus a 
d i f f u s i o n  l i m i t e d  p robe  sh o u l d  be e s s e n t i a l l y  i n d e p e n d e n t  o f
t e m p e r a t u r e  s i n c e  t h e  , / V D /  Km t erm d r o p s  o u tV max s r
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of equation 14.
Because  t h e  l i g h t  s h i e l d  and s t i r r i n g  p l a t e  had no 
p r o v i s i o n s  f o r  o p e r a t i o n  above o r  be low room t e m p e r a t u r e ,  a 
we l l  c o n t r o l l e d  t e m p e r a t u r e  s t u d y  c o u l d  n o t  be c o n v e n i e n t l y  
d e s i g n e d .  T h e r e f o r e ,  two e a s i l y  a p p r o x i m a t e d  t e m p e r a t u r e s ,  
0°C and 20°C (room t e m p e r a t u r e )  were  c h o s e n .  The low 
t e m p e r a t u r e  was o b t a i n e d  by ke ep in g  s t o c k  s o l u t i o n s  i n  an 
i c e  b a t h ,  and c o n s t r u c t i n g  an i c e  j a c k e t  f o r  t h e  l i g h t  
s h i e l d .  The t e m p e r a t u r e  o f  t h e  s o l u t i o n s  i n  t h e  r e a c t i o n  
beake r  was k e p t  i n  t h i s  manner  a t  a b o u t  4°C.  The warmer 
t e m p e r a t u r e s  were a b o u t  23°C,  a l s o  measu red  i n  t h e  
r e a c t i o n  b e a k e r .  Given t h e  p r e c i s i o n  o f  t h e  CL-FOP 
measurement  and t h e  e x p e r i m e n t a l  d i f f i c u l t y  i n  o b t a i n i n g  
we l l  c o n t r o l l e d  i n t e r m e d i a t e  t e m p e r a t u r e s  w i t h  t h e  equ ipment  
a t  hand ,  t h e  two t e m p e r a t u r e  d a t a  p o i n t s  were  t a k e n  t o  
l o c a t e  r a t h e r  l a r g e  e f f e c t s  o f  t e m p e r a t u r e .
The r e c o r d e d  CL i n t e n s i t y  f o r  t h e  c o o l e d  s o l u t i o n s  was 
t he  same a s  t h e  CL i n t e n s i t y  r e c o r d e d  f o r  t h e  room 
t e m p e r a t u r e  s o l u t i o n s  w i t h i n  t h e  p r e c i s i o n  o f  t h e  
measuremen t .  S inc e  a r e a c t i o n  l i m i t e d  p ro b e  would be 
e x pe c t e d  t o  v a ry  by a f a c t o r  o f  a b o u t  2,  t h i s  e x p e r i m e n t  
r e i n f o r c e s  t he  i d ea  t h a t  t h e  p robe  i s  mass t r a n s f e r  l i m i t e d .  
A probe  which i s  i n d e p e n d e n t  o f  t e m p e r a t u r e  w i l l  have  some 
d e s i r a b l e  p r o p e r t i e s .  Te m p e r a tu r e  i n d e p e n d e n t  p r o b e s  w i l l
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be t h e  most  s e n s i t i v e  c o n f i g u r a t i o n ,  s i n c e  t h e  r e a c t i o n  r a t e  
can n o t  be  i n c r e a s e d  any f u r t h e r .  The t e m p e r a t u r e  
i n d e p e n d e n t  p r ob e  a l s o  makes s i m p l e r  demands upon t h e  
d e s i g n ,  s i n c e  no p r o v i s i o n  f o r  t e m p e r a t u r e  c o n t r o l  need  be 
made .
E f f e c t  o f  Enzyme C o n c e n t r a t i o n
The CL i n t e n s i t y  sh o u l d  be i n d e p e n d e n t  o f  enzyme
c o n c e n t r a t i o n  f o r  a mass t r a n s f e r  l i m i t e d  s y s t e m .  T h i s  can
be s e en  from e q u a t i o n  14a where V D /  K >>^ max s '  m
V<5>
r CL = $ C L  0 d e t A(Ds  /  8 ) 6 - 0 2 X 1 0 23 S b u l k  ( 1 4 a )
As long a s  t h e  enzyme c o n c e n t r a t i o n  i s  h i g h  enough so t h a t  
t h e  s i g n a l  i s  mass t r a n s f e r  l i m i t e d ,  t h e  CL i n t e n s i t y  w i l l  
be i n d e p e n d e n t  o f  t h e  enzyme c o n c e n t r a t i o n .  However ,  when 
t he  enzyme c o n c e n t r a t i o n  i s  r educed  so t h a t  mass t r a n s f e r  
c o n t r o l  w i l l  no l o n g e r  e x i s t ,  t h e  CL i n t e n s i t y  s h o u l d  
d e c r e a s e .
Response  t im e  may a l s o  be e x p e c t e d  t o  be i n d e p e n d e n t  o f  
enzyme c o n c e n t r a t i o n ,  s i n c e  i n  a mass t r a n s f e r  l i m i t e d  
p r o b e ,  r e s p o n s e  t i m e  would be e x p e c t e d  t o  depend o n l y  on 
f a c t o r s  i n f l u e n c i n g  t h e  g rowth  o f  t h e  d i f f u s i o n  l a y e r .
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E x p e r i m e n t a l l y ,  s t e a d y - s t a t e  CL i n t e n s i t y  and t h e  
r e s p o n s e  t i m e s  a r e  e s s e n t i a l l y  c o n s t a n t  f o r  0 . 5  mg enzyme/ml
_3
and 3mg enzyme/ml  g e l  a t  pH 9 and 10 M l u m i n o l .
However ,  f o r  0 . 1  mg enzyme/ml  o f  g e l ,  t h e  s t e a d y - s t a t e  
i n t e n s i t y  was d e c r e a s e d  by 20% and t h e  r e s p o n s e  t i m e  
i n c r e a s e d  t h r e e - f o l d .
C a l i b r a t i o n  For P e r o x i d e
Based upon e x p e r i e n c e  w i t h  l u m i n o l  and o t h e r  c a t a l y s t s ,  
t h e  s t a t e m e n t  t h a t  t h e  l u m i n o l - p e r o x i d a s e  r e a c t i o n  f o l l o w e d  
M i c h a e l i s - M e n t e n  k i n e t i c s ,  and t h e  r e s u l t s  o f  t h e  g e n e r a l  
model d e v e l o p e d  e a r l i e r ,  t h e  CL i n t e n s i t y  was e x p e c t e d  t o  be 
l i n e a r l y  p r o p o r t i o n a l  t o  hyd rogen  p e r o x i d e .  T h e r e f o r e ,  
e x p e r i m e n t a l  v e r i f i c a t i o n  o f  sy s t em l i n e a r i t y  was c o n s i d e r e d  
l e s s  i n t e r e s t i n g  t h a n  o t h e r  e f f e c t s ,  and was d e l a y e d  u n t i l  
o t h e r  f a c t o r s  o f  t h e  p rob e  r e s p o n s e  had been  i n v e s t i g a t e d .  
However,  r e s p o n s e  t o  p e r o x i d e  was found t o  be h i g h l y  
n o n l i n e a r .  The l o g - l o g  p l o t s  ( F i g u r e  9) o f  t h e  e x p e r i m e n t a l  
c a l i b r a t i o n  c u r v e s  do n o t  have  a s l o p e  o f  o n e ,  c o n t r a r y  t o  
t he  o r i g i n a l  e x p e c t a t i o n s .
F i g u r e  9 i s  a l og  H2C>2 c o n c e n t r a t i o n  v s .  log  
r e s p o n se  p l o t  f o r  s e v e r a l  enzyme c o n c e n t r a t i o n s  a t  pH 9 and
-3
10 M l u m i n o l .  An enzyme s o l u t i o n  was i n c l u d e d  t o  check  


















- 5.5  - 5.0  - 4.5 - 4.0
LOG CONCENTRATION (M )
FIGURE 9
P l o t  o f  Log CL I n t e n s i t y  v s .  Log 
P e r o x i d e  C o n c e n t r a t i o n
Log CL i n t e n s i t y  v s .  Log p e r o x i d e  
c o n c e n t r a t i o n  f o r  t h r e e  p r o b e s .
□ - D-D lmg/ml  h o r s e r a d i s h  p e r o x i d a s e  in
po l y a c r y a m i d e  g e l .
0 - 0 - 0  lmg/ml  h o r s e r a d i s h  p e r o x i d a s e  i n
b u f f e r  e n t r a p p e d  be h in d  d i a l y s i s  membrane.
4 -A-A 0 . lmg/ml h o r s e r a d i s h  p e r o x i d a s e  in
a p o l y a c r y l a m i d e  g e l .
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p o l y a c r y l a m i d e  g e l .  The a p p a r e n t  ( l e a s t  s q u a r e s )  s l o p e  f o r  
t h e  1 mg enzyme/ml g e l  c u r v e  i s  2 . 30  w h i l e  f o r  t h e  enzyme 
s o l u t i o n  i t  i s  2 . 3 5 .  The f a c t  t h a t  t h e s e  s l o p e s  a r e  a l m o s t  
t he  same i n d i c a t e s  t h a t  t h e  g e l  m a t r i x  i s  n o t  i n v o l v e d .  
S i m i l a r  s l o p e s  were a l s o  o b s e r v e d  f o r  0 . 5 ,  2,  and 3mg 
enzyme/ml g e l  p r e p a r a t i o n s .  T h e r e f o r e ,  t he  e x p l a n a t i o n  f o r  
t h i s  n o n l i n e a r i t y  must  l i e  i n  t h e  b a s i c  mechanism o f  t h e  
l u m i n o l - p e r o x i d a s e  r e a c t i o n .
A mechanism f o r  t h e  CL o x i d a t i o n  o f  l u m i n o l  by  p e r o x i d e  
c a t a l y z e d  by p e r o x i d a s e  ha s  been p roposed  (44)
H20 2 + HRP ------- » HRP1
LHp + HRP1 ---------> LumH-+ HRP2
l_H + H R P 2 --------» LumH- + H R P
2 LumH- ♦ H 02  FLIGHT ♦PRODUCTS
where HRP i s  h o r s e r a d i s h  p e r o x i d a s e ,  1 and 2 i n d i c a t e  
i n t e r m e d i a t e  f o rms ;  LumH* i s  an i n t e r m e d i a t e  f r e e  
r a d i c a l ,  and LumH2 i s  m o l e c u l a r  l u m i n o l .  The l i g h t  
p rodu c ing  s t e p  i s  s econd  o r d e r  i n  t h e  i n t e r m e d i a t e  r a d i c a l .
The l u m i n o l - p e r o x i d a s e  r e a c t i o n  can be d e s c r i b e d  by 
Mic h ae l i s -M en te n  k i n e t i c s  under  c o n d i t i o n s  where  t h e  HRP 
c o n c e n t r a t i o n  i s  much l e s s  t han  t h e  p e r o x i d e  c o n c e n t r a t i o n .  
Th i s  c o n d i t i o n  i s  n o t  met  in t he  CL-FOP, and t h e  r e a c t i o n
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k i n e t i c s  d i f f e r  from t h e  M i c h a e l i s - M e n t e n  mode l .  From th e  
m e c h a n i s t i c  c o n s i d e r a t i o n s ,  one h a l f  o f  t h e  p e r o x i d e  
e n t e r i n g  t h e  g e l  r e a c t s  w i t h  t h e  enzyme,  and one h a l f  r e a c t s  
w i th  t h e  i n t e r m e d i a t e  r a d i c a l .  At s t e a d y - s t a t e  one h a l f  o f  
t h e  p e r o x i d e  p r e s e n t  i n  any l o c a t i o n  o f  t h e  g e l  i s  
r e s p o n s i b l e  f o r  p ro d u c i n g  t w i c e  i t s  own c o n c e n t r a t i o n  o f  
i n t e r m e d i a t e  r a d i c a l s  a s  a f i r s t  o r d e r  r e a c t i o n  w i t h  r e s p e c t  
t o  p e r o x i d e .  The second  p o r t i o n  o f  p e r o x i d e  i s  t h e n  r e a c t e d  
in a r e a c t i o n  which i s  second o r d e r  i n  i n t e r m e d i a t e  r a d i c a l .  
The mass t r a n s f e r  l i m i t a t i o n  o f  t h e  p robe  c o m p l i c a t e s  t h e  
i n t e r a c t i o n  be tween t h e  f i r s t  and s econd  r e a c t i o n s .
A s econd  u n p l e a s a n t  s u r p r i s e  i s  t h a t  t h e  l o g - l o g  p l o t s  
o f  F i g u r e  9 a r e  s l i g h t l y  c u rve d  when t e s t e d  by a t e s t  o f  
r u n s .  The r e a s o n  f o r  t h e  c u r v a t u r e  i s  s p e c u l a t i v e .
The minimum d e t e c t a b l e  c o n c e n t r a t i o n  ( s i g n a l / d a r k
_ _ g
c u r r e n t  n o i s e = l )  i s  10 M w*ien P*M- t u b e  i s
co o l e d  w i th  d r y  i c e .  S i n ce  t h e r e  i s  no backg round  e m i s s i o n  
in t h i s  c o n f i g u r a t i o n ,  t h e  d e t e c t i o n  l i m i t  de pe n d s  upon t h e  
magn i tude  o f  t h e  s i g n a l  r e l a t i v e  t o  t h e  d e t e c t o r  n o i s e .
The L u c i g e n i n  Probe
Due t o  t he  n o n l i n e a r i t y  o f  t h e  CL-FOP u s i n g  p e r o x i d e  as
the  a n a l y t e  in  t h e  p r e s e n c e  o f  l u m i n o l ,  a d i f f e r e n t  ap p ro a ch
— 3was t r i e d .  L uc i g en i n  (10 M) was s u b s t i t u t e d  f o r  t h e
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l umino l  i n  t h e  b u f f e r  s o l u t i o n .
The l u c i g e n i n - p e r o x i d e  r e a c t i o n  i s  known t o  r e q u i r e  a
more b a s i c  pH t h a n  t h e  l u m i n o l - p e r o x i d e  r e a c t i o n  f o r  optimum
CL e f f i c i e n c y  ( 4 5 ) .  The enzyme c o n c e n t r a t i o n  was 3 mg
enzyme/ml g e l  and a p e r o x i d e  c o n c e n t r a t i o n  o f  10-4 M was
use d .  Under t h e s e  c o n d i t i o n s ,  t h e  s i g n a l  i n t e n s i t y  was o f
t he  same m ag n i tu d e  a s  t h e  n o i s e  o f  t h e  u n c o o l e d  P.M. t u b e ,
-9about  4x10 A. Due t o  t h e  i n a b i l i t y  t o  o b t a i n  an 
a d eq u a t e  s i g n a l ,  t h i s  ap p ro a ch  was d i s c o n t i n u e d .
The Luminol  Probe
S i n c e  l u m i n o l  i s  a l s o  a s u b s t r a t e  i n  t h e  p e r o x i d e  -  
p e r o x i d a s e  -  l um in o l  r e a c t i o n ,  a p o s s i b l e  c o n f i g u r a t i o n  o f  
t he  CL-FOP would be a n a l y s i s  f o r  l u m i n o l .  I f  su ch  a p robe  
were made,  and i f  i t  had s u f f i c i e n t l y  low d e t e c t i o n  l i m i t s ,  
a CL-FOP c o u ld  become a c h e m i l u m i n e s c e n t  d e t e c t o r  f o r  an 
immunoassay t e c h n i q u e .
In o r d e r  t o  t e s t  t h e  f e a s i b i l i t y  o f  t h i s  a p p r o a c h ,  one 
s e t  o f  c o n d i t i o n s  was t r i e d .  The p e r o x i d a s e  c o n c e n t r a t i o n  
on t h e  p robe  was 3 mg enzyme/ml g e l .  The pH was b u f f e r e d  to  
9 ,  a s  a r e a s o n a b l e  compromise be tween good CL e f f i c i e n c y  and 
good enzyme a c t i v i t y .  P e r o x i d e  was 10 M i n  t h e  b u f f e r  
s o l u t i o n .  Luminol  was added in  25 u l  i n c r e m e n t s  o f  l u mi no l  
s t o c k  s o l u t i o n .
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Two p r o b l e m s  w i th  t h i s  l i n e  o f  r e s e a r c h  became e v i d e n t .
F i r s t ,  when t h e  enzyme g e l  was i n  c o n t a c t  w i t h  t h e  b u f f e r e d
_op e r o x i d e  s o l u t i o n ,  a backg round  s i g n a l  o f  a b o u t  5x10 A
was o b s e r v e d .  T h i s  background  was n o t  s t a b l e  w i t h  t i m e ,  and
was q u i t e  n o i s y .  The second  prob lem was t h e  r e a c t i o n  o f
l u mi no l  and p e r o x i d e  i n  s o l u t i o n  w i t h  t h e  g e n e r a t i o n  o f  CL 
-4For  a 10 M lu m i n o l  s a m p l e ,  t h i s  r e s u l t e d  i n  a s i g n a l  o f  
_ o
ab o u t  10 A when t h e  s o l u t i o n  was o b s e r v e d  w i t h  t h e  
f i b e r  o p t i c  a l o n e .  Due t o  t h e  u n s t a b l e  b a c k g r o u n d ,  t h i s  
ap p ro a ch  was d i s c o n t i n u e d .
The G lucose  Probe
A f i n a l  s e r i e s  o f  e x p e r i m e n t s  was p e r f o r m e d  a f t e r  t h e  
a s s e mb ly  o f  t h e  new eq u ip m en t .  The p u r p o se  o f  t h e  
e x p e r i m e n t s  was t h e  f a b r i c a t i o n  o f  a CL-FOP s e n s i t i v e  t o  
g l u c o s e .  A pH o f  ab ou t  8 was ch os en  i n  o r d e r  t o  r e t a i n  some 
g l u c o s e  o x i d a s e  a c t i v i t y .  S i nc e  t h e  e f f i c i e n c y  o f  l u m i n o l  
e m i s s i o n  i s  low a t  t h i s  pH, t h e  f i r s t  e f f o r t  was t h e  t e s t i n g  
of  a l t e r n a t i v e  c a t a l y s t s .  T h i s  was done i n  t h e  hope o f  
f i n d i n g  t h e  mos t  e f f e c t i v e  p o s s i b l e  c a t a l y s t  unde r  t h e s e  
c o n d i t i o n s .  K^FefCNJg,  Hemin, and p e r o x i d a s e  were 
compared f o r  e m i s s i o n  i n t e n s i t y .  Maximum i n t e n s i t y  was 
ob se r ve d  w i th  p e r o x i d a s e .
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A g e l  was c r e a t e d  which was O . l g / m l  o f  g l u c o s e  o x i d a s e  
and O.Olmg/ml o f  p e r o x i d a s e .  The b u f f e r  was a 
0.05M p h o s p h a t e  s o l u t i o n  a t  a pH o f  8 .  T h i s  sy s t e m  had a 
v e r y  s l ow r e s p o n s e  t ime  o f  ab o u t  15 m i n u t e s  f o r  t h e  
90% r e s p o n s e .  A l o g - l o g  p l o t  o f  t h e  i n t e n s i t y  a s  a 
f u n c t i o n s  o f  g l u c o s e  c o n c e n t r a t i o n  showed a s l o p e  o f  
2 . 0  o ve r  t h e  r a n g e  o f  4 - 16x lO- ^M g l u c o s e .  Due t o  t h e  h i g h  
c o n c e n t r a t i o n  o f  g l u c o s e  r e q u i r e d  t o  a c h i e v e  a s i g n a l ,  t h i s  
p r o j e c t  was t e r m i n a t e d .
CHAPTER FOUR
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s i m i l a r  t o  t h e  CL-FOP and u t i l i z e s  t h e  f i r e f l y  r e a c t i o n  i n  a 
f low c e l l  c o n f i g u r a t i o n .  The f l ow  c e l l  was d e s i g n e d  t o  
overcome a l i m i t a t i o n  o f  t h e  f i b e r  o p t i c  p o r t i o n  o f  t h e  
CL-FOP. Above a b o u t  1 cm d i a m e t e r ,  t h e  f i b e r  b u n d l e  becomes 
s t i f f  and ha rd  t o  m a n i p u l a t e .  However ,  i t  may be d e s i r a b l e  
to  have  a s u r f a c e  a r e a  which r e q u i r e s  a b o u t  a 2 . 5  cm 
d i a m e t e r  o p t i c a l  p a t h .  Such a l a r g e  i n t e r f a c i a l  a r e a  s h o u l d  
e x h i b i t  g r e a t e r  s e n s i t i v i t y  t h a n  a s m a l l e r  a r e a  o f  s i m i l a r  
c o m p o s i t i o n .
A f l ow  c e l l  o f  t h e  d e s i g n  used i s  e x p e c t e d  t o  have  
s i g n i f i c a n t  a d v a n t a g e s  i n  a d d i t i o n  t o  t h e  l a r g e r  a r e a  ov e r  
t he  f i b e r  o p t i c  p r o b e .  A f l ow  c e l l  ba sed  upon a c h an n e l  
p l a t e  f o r  t h e  sample  phase  and a P l e x i g l a s s  immob i l i z ed  
r e a g e n t  c e l l  i s  more v e r s a t i l e  t h a n  t h e  p r o b e ,  s i n c e  t h e  
r e a g e n t  c e l l  may be m i l l e d  f o r  a r an ge  o f  i n t e r f a c i a l  a r e a s .  
The f l ow c e l l  a l s o  u t i l i z e s  t h e  s i m p l e s t  i m m o b i l i z a t i o n  




The f i r e f l y  r e a c t i o n  was used as  t h e  BL r e a c t i o n  f o r  
t h i s  c e l l .  S i nc e  ATP i s  p a r t  o f  a l a r g e  number o f  r e a c t i o n s  
used f o r  b i o c h e m i c a l  a s s a y s  ( 6 , 7 ) ,  a s e n s i t i v e  d e t e c t o r  f o r  
ATP c o u l d  f i n d  wide  a p p l i c a t i o n .  The f i r e f l y  r e a c t i o n  i s  a 
s e n s i t i v e  i n d i c a t o r  o f  ATP c o n c e n t r a t i o n ,  b u t  i s  l i m i t e d  in 
a p p l i c a t i o n  due t o  i t s  h i g h  r e a g e n t  c o s t s .  A s i m p le  
i m m o b i l i z a t i o n  t e c h n i q u e ,  i f  t h e  t e c h n i q u e  i s  c o n s e r v a t i v e  
enough o f  r e a g e n t s ,  would b r i n g  t h e  r e l a t i v e  c o s t  down to  a 
more p r a c t i c a l  l e v e l .  The BL i n t e n s i t y  o f  t h e  f i r e f l y  
r e a c t i o n  i s  a l i n e a r  f u n c t i o n  of  ATP c o n c e n t r a t i o n ,  which  i s  
d e s i r a b l e  due to  t h e  s i m p l i c i t y  o f  c a l i b r a t i n g  t h e  d e v i c e .  
Because  t h e  f i r e f l y  r e a c t i o n  i s  k i n e t i c a l l y  s l o w ,  i t  i s  
e x p ec t e d  to y i e l d  a d e v i c e  which i s  k i n e t i c a l l y  c o n t r o l l e d ,  
a s  opposed t o  t h e  mass t r a n s f e r  c o n t r o l  o f  t h e  p e r o x i d e  
CL-FOP. Th i s  k i n e t i c  c o n t r o l  w i l l  damp t h e  p u l s a t i o n s  o f  a 
p e r i s t a l t i c  pump.
I n s p e c t i o n  o f  t h e  mechanism f o r  f i r e f l y  BL r e v e a l s  
s e v e r a l  p o t e n t i a l  d i f f i c u l t i e s .  The f o r m a t i o n  o f  t h e  
e x c i t e d  s t a t e  i s  d e p e n d e n t  on t h e  c o n c e n t r a t i o n  o f  an 
e x z y m e - s u b s t r a t e  complex (26) . Th i s  complex i s  i n  t u r n  
d ep end en t  upon e q u i l i b r i a  w i th  t h e  n a t i v e  l u c i f e r a s e  enzyme 
c o n c e n t r a t i o n ,  t he  l u c i f e r i n  c o n c e n t r a t i o n ,  and t h e  
p y r op ho sp ha t e  c o n c e n t r a t i o n  in a d d i t i o n  t o  t h e  c o n c e n t r a t i o n
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o f  ATP. S i n c e  l u c i f e r i n  i s  q u i t e  e x p e n s i v e ,  i t  i s  hoped 
t h a t  t h e  l u c i f e r a s e  enzyme b i n d s  l u c i f e r i n  t i g h t l y  enough 
t h a t  a d d i t i o n a l  l u c i f e r i n  i s  n o t  n e e d e d .  I f  l u c i f e r i n  must  
be added t o  t h e  s y s t e m ,  t h e  o x y l u c i f e r i n - l u c i f e r a s e  complex 
may p r e s e n t  p rob l ems  by b l o c k i n g  t h e  t u r n - o v e r  o f  t h e  
enzyme.  The s i t u a t i o n  i s  f u r t h e r  c o m p l i c a t e d  by d i f f u s i o n  
o f  t h e  low m o l e c u l a r  w e ig h t  s p e c i e s  unde r  t h e  i n f l u e n c e  o f  
c o n c e n t r a t i o n  g r a d i e n t s .  C l e a r l y ,  t h e  i n t e r r e l a t i o n s h i p s  
between ch em ic a l  s p e c i e s  o f  t h e  f i r e f l y  r e a c t i o n  i n  a Two 
Phase sy s t em a r e  complex .
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EXPERIMENTAL
I n s t r u m e n t a l
The sy s t em f o r  im m o b i l i z i n g  r e a g e n t s  and o b s e r v i n g  CL 
e m i s s i o n  i s  shown in  ex p lo de d  form in  F i g u r e  10.
The CL r e a c t i o n s  were pe r f o r med  i n  t h e  P l e x i g l a s s  
h o l d e r  which f i t t e d  t o  t h e  f a c e  o f  an a luminum c h a n n e l  
p l a t e .  A p i e c e  o f  d i a l y s i s  membrane was p l a c e d  be tween  t h e  
two p a r t s  t o  s e p a r a t e  t h e  imm ob i l i z ed  r e a g e n t  and t h e  
a n a l y t e  s t r e a m .  The immob i l i z ed  r e a g e n t  was h e l d  i n  s h a l l o w  
g ro o ve s  m i l l e d  i n t o  t h e  P l e x i g l a s s .  The a n a l y t e  s t r e a m  
f lowed i n  a s p i r a l  c h a n n e l  found on t h e  f a c e  o f  t h e  aluminum 
p l a t e .  The s u r f a c e  a r e a  o f  t h e  c h a n n e l  i s  e s t i m a t e d  t o  be
4 .5  cm . The f l ow  c h a n n e l  was f i l l e d  and emp t i ed  from t h e  
r e v e r s e  s i d e  o f  t h e  p l a t e  by h o l e s  d r i l l e d  i n t o  t h e  p l a t e  a t  
e i t h e r  end o f  t h e  c h a n n e l .  An aluminum s h i e l d  and 
co mp re s s i o n  r i n g  p e r m i t t e d  t h e  h o l d e r  and p l a t e  t o  be b o l t e d  
t o g e t h e r .  S u f f i c i e n t  p r e s s u r e  was a p p l i e d  t o  form a l i q u i d  
t i g h t  s e a l  be tween  t h e  two p i e c e s .  The h o l d e r  a l s o  p r o v i d e d  
a l i g h t  s h i e l d  f o r  t h e  d e v i c e  when t h e  a s s e m b ly  was b o l t e d  
to t he  f ac e  o f  t h e  P.M. t u b e  hous i ng  ( P r o d u c t s  f o r  R e se a r ch  
Model T E - 1 0 4 - T S) . The P.M. t u b e  was an EMI 6255B w i t h  an
S-20 r e s p o n s e .  A SPEX DPC model 2 and Heath  s t r i p  c h a r t  
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FIGURE 10
Exploded vi ew o f  C h e m i l u m in e sc e n t  -  Im mo b i l i z ed
Reagent  Flow C e l l .
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The a n a l y t e  s o l u t i o n  was pumped p a s t  t h e  immo b i l i z ed  
phase  by a C o l e -P a l m e r  p e r i s t a l t i c  pump (model  7545-10)  
equipped  w i t h  two model  7013 pump h e a d s ,  which  p r o v i d e d  a 
t o t a l  f low o f  a b o u t  13 ml /min  a t  t h e  h i g h e s t  s e t t i n g .  A l t e x  
T e f lo n  t u b i n g  c o n n e c t e d  t h e  pump to  t h e  f l o w  p l a t e ,  and t h e  
f low p l a t e  t o  t h e  w a s t e .
pH measu remen t s  were made w i t h  an ORION model  501 
m e t e r .
Reagen t s
The r e a g e n t s  and t h e i r  s u p p l i e r s  a r e  l i s t e d  i n  Ta b l e  4.
The imm ob i l i z ed  phase  was formed by combin ing  weighed 
q u a n t i t i e s  o f  enzyme p r e p a r a t i o n s  w i t h  a s m a l l  volume 
( u s u a l l y  0 . 5  ml) o f  t h e  a n a l y t e / b u f f e r  s o l u t i o n  w i t h o u t  any 
ATP. The r e s u l t i n g  m i x t u r e  was mixed w i t h  a P a s t e u r  p i p e t ,  
and p i p e t t e d  on to  t h e  P l e x i g l a s s  h o l d e r .  S i n c e  t h e  h o l d e r  
had a c a p a c i t y  o f  a b o u t  0 . 2  ml ,  t h e  q u a n t i t y  t r a n s f e r r e d  was 
in e x c e s s  o f  t h e  n e e d .  The pu rp ose  o f  u t i l i z i n g  an e x c e s s  
was t o  avo id  t he  e n t r a p m e n t  o f  a i r  b u b b l e s  i n  t h e  
immob i l i z ed  phase  d u r i n g  t h e  a s se m b l y  o f  t h e  c e l l .
The d e s i r e d  f l ow sys t em i s  shown in  F i g u r e  11.  A 
n o n b u f f e r e d  s o l u t i o n  o f  ATP i s  pumped from t h e  sample  
c o n t a i n e r  w h i l e  an e q u a l  f low o f  b u f f e r  i s  pumped from a
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TABLE 4
L i s t  o f  Reagen t  S u p p l i e r s f o r  t h e  Flow Cel
Reagen t Sou rce
Bo r i c  Acid "Baker  Ana ly sed
H o r s e r a d i s h  P e r o x i d a s e Sigma t y p e  I
3 - a m i n o p h t h a l h y d r a z i d e A l d r i c h
30% Hydrogen P e r o x i d e "Baker  Ana ly sed
F i r e f l y  T a i l s  E x t r a c t Sigma
Adenos ine  5 ' T r i p h o s p h a t e Sigma
LUMIT HS LUMAC
HEPES [ 4 - ( 2 - h y d r o x y e t h y l )  - A l d r i c h
1 - p i p e r a z i n e e t h a n e s u l f o n i c  ac id]
KOH "Baker  Ana lysed
MgCl, "Baker  Ana ly sed
P y r o p h o s p h a t a s e Sigma







W a s t e
A n a l y t e
S o l u t i o n
B u f f e r
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PMT & 
E l e c t r o n i c s
FIGURE 11
Flow System o f  t h e  C h e m i l u m i n e s c e n t -  
Im mob i l i z ed  Reagent  Flow C e l l
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r e a g e n t  r e s e r v o i r .  The two s t r e a m s  a r e  mixed and p a s s e d  
t h r o u g h  t h e  f low c e l l  p r o p e r .  The s p e n t  s o l u t i o n  i s  t h e n  
s e n t  t o  w a s t e .  A l l  e x p e r i m e n t s  r e p r o d u c e d  t h e  e f f e c t  o f  t h e  
d i l u t i o n  o f  t h e  b u f f e r  w i t h  t h e  u n b u f f e r e d  sample  in  t h e  
a n a l y t e  p h a s e .
In s e v e r a l  e a r l y  e x p e r i m e n t s ,  t h e  A T P / b u f f e r  s o l u t i o n  
was r e c y c l e d  in o r d e r  t o  c o n s e r v e  l i m i t e d  r e a g e n t s .  In 
o r d e r  to  r e p r o d u c e  t h e  c o n c e n t r a t i o n s  t o  t h o s e  o f  t h e  
d e s i r e d  f l ow s y s t e m ,  t h e  b u f f e r  components  were made up a t  
1 /2  s t r e n g t h .  In  o r d e r  t o  m a i n t a i n  t h e  c h a r a c t e r  o f  t h e  
a n a l y t e  phase  a f t e r  e q u i l i b r a t i o n  w i th  t h e  immob i l i z ed  
r e a g e n t ,  t h e  d e s i r e d  q u a n t i t y  o f  ATP was added as  a d r y  
powder .  Th is  p r o c e d u r e  was a d o p t e d  t o  a v o i d  chang i ng  t h e  
a n a l y t e  phase  by d i l u t i o n .  Only one ATP c o n c e n t r a t i o n  pe r  
e x p e r i m e n t a l  run was p o s s i b l e  w i t h  t h i s  a p p r o a c h .
Exp e r i me n t s  w i t h o u t  r e c y c l i n g  were c o n d u c t e d  in  t h e  
manner  i n d i c a t e d  by F i g u r e  11.  ATP sa m p le s  were  made up 
from a f r e s h  s t o c k  s o l u t i o n  w i th  d e i o n i z e d  w a t e r .  No b u f f e r  
sy s t em or  o t h e r  r e a g e n t  was added t o  t h e s e  s o l u t i o n s .  The 
b u f f e r ,  p r e p a r e d  f r e s h  f o r  e ach  e x p e r i m e n t a l  r u n ,  c o n t a i n e d  
a l l  r e a g e n t s  which were n o t  i m m o b i l i z e d .  These  r e a g e n t s  
were added as  d r y  powde rs .
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The a n a l y t e  phase  c o n d i t i o n s  a t  t h e  d i a l y s i s  membrane 
were u s u a l l y  pH 7 . 5 ,  which was m a i n t a i n e d  by 0 .025  M HEPES 
b u f f e r .  10 ^ M Mg^+ (added a s  MgCl2 ) was a l s o  
p r e s e n t .
P r oc ed u re
Sample r e c y c l e  e x p e r i m e n t s  had t h e  f o l l o w i n g  s t r u c t u r e .  
A f t e r  t h e  immob i l i z ed  r e a g e n t  was l o ad e d  i n t o  t h e  ' P l e x i g l a s s  
c a r r i e r ,  t h e  r e a c t i o n  a s se mb ly  was b o l t e d  t o g e t h e r ,  and 
sc r ewed to  t h e  f r o n t  o f  t h e  P.M. t u b e  h o u s i n g .  Once t h i s  
was f i n i s h e d ,  t h e  P.M. t u b e  h i g h  v o l t a g e  was t u r n e d  on ,  and 
50 ml o f  b u f f e r  were pumped t h r o u g h  t h e  s y s t e m .  B u f f e r  was 
pumped from bo th  t h e  b u f f e r  and t h e  sample  l i n e s  o f  t h e  
pump, w i t h  t h e  was t e  l i n e  i n s e r t e d  i n t o  t h e  b u f f e r  c o n t a i n e r  
c r e a t i n g  a c l o s e d  sy s t e m .  A f t e r  t h e  d a r k  c u r r e n t  o f  t h e  
P.M. t u b e  had decayed  t o  a low v a l u e  ( u s u a l l y  ab o u t
1 .5  h r s ) , a weighed q u a n t i t y  o f  ATP would be added t o  t h e  
b u f f e r  r e s e r v o i r ,  u s i ng  a sma l l  q u a n t i t y  o f  b u f f e r  t o  r i n s e  
t he  ATP o v e r .  The s i g n a l  was r e c o r d e d  f o r  t h e  d e s i r e d  
l e n g t h  o f  t i m e .
The a l t e r n a t i v e  t e c h n i q u e  was a s  f o l l o w s .  B u f f e r  was 
d i l u t e d  w i th  d e i o n i z e d  wa t e r  ( 1 : 2 ) ,  and was used in  
p r e p a r i n g  t h e  immobi l i z ed  p h a s e .  A f t e r  s e a l i n g  t h e  a s sem b ly  
up,  and t u r n i n g  t h e  P.M. t u b e  h igh  v o l t a g e  on ,  a sm a l l
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q u a n t i t y  o f  t h e  d i l u t e d  b u f f e r  was pumped p a s t  t h e  
immob i l i z ed  r e a g e n t  w h i l e  t h e  d a r k  c u r r e n t  d e c a y e d .  When 
t h e  d a r k  c u r r e n t  decayed  t o  a low v a l u e ,  t h e  r e a g e n t  l i n e  
was p l a c e d  i n t o  t h e  s e l e c t e d  b u f f e r  s o l u t i o n ,  w h i l e  t h e  
sample  l i n e  was used t o  sample  s e v e r a l  ATP s o l u t i o n s .  
Between ATP s a m p l e s ,  d e i o n i z e d  w a t e r  was used  t o  wash o u t  
t h e  sample  l i n e ,  and m a i n t a i n  t h e  i o n i c  s t r e n g t h  o f  t h e  
b u f f e r .
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RESULTS
L u m i n o l - P e r o x i d e  Response  Time
In an e a r l y  e x p e r i m e n t ,  a sm a l l  d i a m e t e r  enzyme 
r e s e r v o i r  ( 0 . 6  cm d i a m e t e r )  w i t h  t h e  l u m i n o l - p e r o x i d e  CL 
sys t em was u s e d .  Th i s  e x p e r i m e n t  was c o n d u c t e d  t o  e s t i m a t e  
t h e  r e s p o n s e  t i m e  o f  t h e  f l ow  r e a g e n t  w i t h  a w e l l  
c h a r a c t e r i z e d  imm ob i l i z ed  r e a g e n t  and t o  e s t a b l i s h  t h a t  t h e  
f low c e l l  worked .  The imm ob i l i z ed  pha se  was 0 . 5  mg o f  
p e r o x i d a s e  enzyme pe r  ml o f  b u f f e r  p l a c e d  b e h in d  a d i a l y s i s  
membrane.  The b u f f e r  s o l u t i o n  was a 0 . 1  M b o r a t e  b u f f e r ,
_3
a d j u s t e d  t o  pH 9,  w i t h  a l u m in o l  c o n c e n t r a t i o n  o f  10 M.
EDTA was added t o  r ed u c e  backg round  p roduced  by m e t a l  i o n s .
-5The s ample  was a b o u t  10 M p e r o x i d e  i n  d i s t i l l e d  w a t e r .
The r e c o r d e r  t r a c e  o f  F i g u r e  12 shows t h a t  t h e  r e s p o n s e
t ime  o f  t h e  f low sys t em  i s  s i m i l a r  t o  t h e  CL-FOP.
Throughput  w i th  t h e  f l ow c e l l  i s  s l i g h t l y  h i g h e r  t h a n  w i th
th e  CL-FOP be c a u se  ch ang ing  t h e  s ample  i s  much s i m p l e r .  The
90% r i s e  t im e  i s  on t h e  o r d e r  o f  12 s e c o n d s .  The c h a r t
speed was t oo  low t o  e s t i m a t e  t h e  90% f a l l  t i m e .  The S/N i s
-5ab o u t  300 f o r  t h e  10 M ^2^2  samP^-e s  ^ wh ich  s u g g e s t  a 
d e t e c t i o n  l i m i t  (S/N=l)  o f  a b o u t  5x10 ^ M ( sample )  f o r  
t h e s e  n o n - o p t i m i z e d  c o n d i t i o n s .  Th i s  r e s u l t  i s  b e t t e r  by a 
f a c t o r  o f  2 t h a n  t h e  d e t e c t i o n  l i m i t  o f  t h e  CL-FOP and




T y p i c a l  Response  f o r  P e r o x i d e
Response  t i m e  o f  t h e  Immobi l iz ed  Reagen t  Flow 
C e l l .  C o n d i t i o n s  a r e  pH 9 ,  10 M l u m i n o l ,
i o  3 m h 2o 2 .
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r e f l e c t s  t h e  l a r g e r  a r e a  o f  t h e  r e a c t a n t  p h a s e .
These  measuremen ts  c o n f i r m e d  t h a t  t h e  f l ow c e l l  was 
p e r f o r m i n g  a s  e x p e c t e d .
F i r e f l y  R e a c t i o n  -  I n i t i a l  E x p e r i m e n t s
A s e r i e s  o f  e x p e r i m e n t s  was i n i t i a t e d  t o  g a i n  o p e r a t i n g
e x p e r i e n c e  and t o  d i s c o v e r  what  c o n d i t i o n s  were  needed f o r
t h e  e m i s s i o n  o f  l i g h t .  A l l  o f  t h e  e x p e r i m e n t s  were
co n du c t ed  i n  a b a t c h  mode where t h e  sample  and b u f f e r
s o l u t i o n s  were combined .  Th i s  s o l u t i o n  was t h e n  r e c y c l e d .
The pH o f  t h e  0 .0 5  M HEPES b u f f e r  was 7 . 0  and t h e  ATP
-4c o n c e n t r a t i o n  was 10 M. The b u f f e r  s o l u t i o n  c o n t a i n i n g  
ATP had a volume o f  30 ml .  C o n d i t i o n s  i n  t h e  r e a g e n t  phase  
v a r i e d ,  i n c l u d i n g  t he  d r y  r e a g e n t  o f  t h e  f i r e f l y  e x t r a c t  
(FFE) , 13 . 5  mg o f  FFE p e r  ml o f  b u f f e r ,  and 2 7 . 5  mg o f  FFE 
pe r  ml o f  b u f f e r .  The c o n c e n t r a t e d  FFE s o l u t i o n  gave  t h e  
h i g h e s t  i n t e n s i t y  o f  t h e  t h r e e  s a m p l e s ,  w i t h  t h e  d i l u t e  
s o l u t i o n  and t h e  d r y  powder hav ing  a b o u t  1 /2  t h i s  i n t e n s i t y .  
The d r y  powder gave  t h e  l o n g e s t  l i v e d  e m i s s i o n ,  f o l l o w e d  by 
t h e  c o n c e n t r a t e d  s o l u t i o n .  The d r y  powder was a l s o  t h e  more 
d i f f i c u l t  o f  t h e  two methods  o f  r e a g e n t  a d d i t i o n .  These 
r e s u l t s  i n d i c a t e d  t h a t  r e a g e n t s  would be b e s t  h a n d l e d  as  
l i q u i d s ,  and t h a t  a h ig h  r e a g e n t  c o n c e n t r a t i o n  was 
d e s i  r a b l e .
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S i n c e  t h e  s i g n a l  de cay  co u l d  have  been  due t o  t h e  ag ing  
o f  t h e  FFE (due t o  d e n a t u r a t i o n  o f  t h e  enzyme o r  t o  t h e  
d e c o m p o s i t i o n  o f  t h e  l u c i f e r i n ) ,  a p a i r  o f  e x p e r i m e n t s  were 
pe r fo rmed  t o  check  t h e  room t e m e r a t u r e  s t a b i l i t y  o f  t h e  FFE. 
Two FFE samp le s  o f  39 .9  mg/ml were p r e p a r e d .  One was used 
i m m e d ia t e l y ,  t h e  o t h e r  was l e f t  a t  room t e m p e r a t u r e  f o r  
6 h o u r s .  The i n i t i a l  i n t e n s i t i e s  f o r  bo t h  e x t r a c t s  were 
compa rab l e  t o  w i t h i n  5%. Th i s  was t a k e n  as  an i n d i c a t i o n  
t h a t  t h e  FFE r e a g e n t  was s t a b l e  a t  room t e m p e r a t u r e  o v e r  t h e  
t ime  span  o f  t h e  e x p e c t e d  e x p e r i m e n t s .
A f i n a l  e x p e r i m e n t ,  u t i l i z i n g  LUMIT H.S.  r e a g e n t ,  was
u n d e r t a k e n  t o  g e t  an i de a  o f  t h e  t im e  r e s p o n s e  o f  t h e
f i r e f l y  s y s t e m ,  and t o  t r y  t h i s  h i g h l y  p u r i f i e d  r e a g e n t  .
The b u f f e r  f o r  t h i s  run  was 0 .025  M HEPES which  was 
_210 M in  MgCl2 . The pH was a d j u s t e d  t o  7 . 5 ,  which  i s  
t h e  s u g g e s t e d  c o n d i t i o n  f o r  t h e  LUMIT H.S.  r e a g e n t .  A pump 
speed  which r e s u l t e d  in  a f low o f  9 . 4  ml pe r  m inu t e  was 
chosen  t o  c o n s e r v e  t h e  b u f f e r .  The 90% r i s e  t i m e s  r an  abo u t  
4 m in u t e s  w h i l e  t h e  90% f a l l  t im e s  v a r i e d  be tween 4 and 20 
m i n u t e s .  An i n s u f f i c i e n t  number o f  s amp le s  were run  t o  
o b s e r v e  whe the r  t h e  v a r i a t i o n  was c o n c e n t r a t i o n  d e p e n d e n t .  
The s i g n a l  i n t e n s i t y  f o r  a 10 5 M ATP sample  f e l l  from an 
i n i t i a l  v a l u e  o f  0 . 35  uA to  0 .005  uA in  t h r e e  h o u r s .  Two 
e x p e r i m e n t s  u t i l i z i n g  t h e  f i r e f l y  e x t r a c t s  gave  s i m i l a r  
r e s u l t s ,  a l t h o u g h  wi th  s l o w e r  r e s p o n s e  t i m e s .  The FFE
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r e a g e n t ,  howeve r ,  gave  a much f l a t t e r  b a c k g r o u n d ,  and i s  
c o n s i d e r a b l y  l e s s  e x p e n s i v e  t h a n  t h e  LUMIT H.S .  r e a g e n t .
For  t h e s e  r e a s o n s ,  f u r t h e r  work w i t h  t h e  LUMIT H.S.  r e a g e n t  
was su s p e n d e d .
F a c t o r i a l  Exper imen t
A f a c t o r i a l  e x p e r i m e n t  was c o n d u c t e d  t o  examine
t h e  e f f e c t s  o f  f i v e  i n d e p e n d e n t  v a r i a b l e s  ( T ab l e  5) upon t h e
i n i t i a l  BL i n t e n s i t y  and upon t h e  i n t e g r a t e d  i n t e n s i t y  ov e r
t h e  spa ce  o f  s e v e r a l  h o u r s .  F i g u r e  13 shows t h e  shap e  o f  an
i n t e n s i t y  v s .  t i m e  c u r v e .  The peak i n t e n s i t y ,  r e a c h e d
w i t h i n  a few m i n u t e s  o f  add ing  ATP t o  t h e  a n a l y t e  p h a s e ,  i s
c o n s i d e r e d  t h e  i n i t i a l  i n t e n s i t y .  The i n t e g r a t e d  i n t e n s i t y
i s  t h e  sum o f  i n s t a n t a n e o u s  v a l u e s  a t  s h o r t  i n t e r v a l s  a l ong
t h e  de cay  c u r v e .  The P.M. t u b e  d a r k  c u r r e n t  was s u b t r a c t e d
from each  v a l u e  b e f o r e  t h e  v a l u e  was summed. The p r e s e n c e
2 +o f  "h ig h"  l e v e l s  o f  l u c i f e r i n ,  Mg , p y r o p h o s p h a t a s e ,  and
t e m p e r a t u r e  were e x p e c t e d  t o  r e s u l t  i n  a more i n t e n s e
-4i n i t i a l  s i g n a l  w i th  a 10 M ATP s a m p l e .  High v a l u e s  o f  
t h e  f i r s t  t h r e e  sh o u l d  f a v o r  t h e  f o r m a t i o n  o f  t h e  enzyme 
i n t e r m e d i a t e  comp lex ,  w h i l e  a h i gh  t e m p e r a t u r e  would 
en co u r ag e  i t s  d e c o m p o s i t i o n .  Albumin was- added  t o  t h e  
a n a l y t e  s t r e a m  to  i n v e s t i g a t e  t h e  p o s s i b i l i t y  t h a t  l u c i f e r i n  
d i a l y s i s  i n t o  t h e  a n a l y t e  s t r e am  cou ld  be c o n t r o l l e d  by 
chang ing  t h e  s o l u t i o n  c h a r a c t e r i s t i c s .
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TABLE 5
5-1R e s u l t s  o f  2 F a c t o r i a l  E xp e r im e n t  
E f f e c t s  o f  I n d e p e n d e n t  V a r i a b l e s
Maximum I n t e g r a t e d
V a r i a b l e  I n t e n s i t y  I n t e n s i t y
L u c i f e r i n  1 . 65  300
P y r o p h o s p h t a s e  - 0 . 3 2  - 3 8 . 4
Mg2+ 0 .30  12 .7
Albumen - 0 . 2 1  - 6 4 . 2
T em p er a tu r e  0 . 02  - 5 7 . 6
A p o s i t i v e  s l o p e  i n d i c a t e s  t h a t  a h i g h  v a l u e  o f  t h e  
i n d e p e n d e n t  v a r i a b l e  r e s u l t s  i n  an i n c r e a s e  i n  t h e  v a l u e  o f  
t h e  d e p e n d e n t  v a r i a b l e .
T I M E >
FIGURE 13 
T ra c e  o f  Recyc l ed  ATP S i g n a l  Decay
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The r e s u l t s  o f  t h i s  e x p e r i m e n t  a r e  summar ized  in
2 +Tab le  5.  High l u c i f e r i n  and h ig h  Mg c o n c e n t r a t i o n s
ap p ea r  p o s i t i v e l y  r e l a t e d  t o  t h e  i n i t i a l  i n t e n s i t y .  Albumin
in  t h e  sample  s t r e a m  and a h i g h  l e v e l  o f  p y r o p h o s p h a t a s e
bo th  a p p e a r  t o  d e c r e a s e  t h e  i n i t i a l  i n t e n s i t y  . High
l u c i f e r i n  c o n c e n t r a t i o n s  i n c r e a s e  t h e  6 hou r  i n t e g r a t e d
2+i n t e n s i t y  by a l a r g e  f a c t o r .  Mg c o n c e n t r a t i o n  a p p e a r s  
to have  l i t t l e  e f f e c t  upon t h e  t o t a l  amount  o f  l i g h t  
a v a i l a b l e  from t h e  s y s t e m .  The p r e s e n c e  o f  h i g h  v a l u e s  o f  
t e m p e r a t u r e ,  p y r o p h o s p h a t a s e ,  and a lbumin  r e d u c e  t h e  
i n t e g r a t e d  l i g h t  i n t e n s i t y .  The i n t e r a c t i o n  v a l u e s  a r e  a l s o  
f a i r l y  l a r g e  i n  mos t  c a s e s .
I n t e n s i t y  d e ca y  was due p r i m a r i l y  t o  t h e  co n su m p t i o n  o f  
l u c i f e r i n .  An a l t e r n a t i v e  was checked  by an a s s a y  o f  t h e  
ATP. The FFE was used w i th  a Chem-Glo p h o t o m e t e r ,  u s i n g  
d i l u t e d  s amp le s  o f  t h e  ATP s o l u t i o n .  The r e l a t i o n s h i p  
between t h e  peak  i n t e n s i t i e s  and t h e  ATP s t a n d a r d  i n d i c a t e  
t h a t  ATP d e p l e t i o n  in  t h e  sample  s t r e a m  was n o t  s i g n i f i c a n t .
Improved Response  Times:  Use Of Apyrase
The r i s e  and f a l l  t im e s  u s ing  FFEAS t h e  immo b i l i z ed
r e a g e n t  a r e  e x c e e d i n g l y  s l o w ,  on t h e  o r d e r  o f  10 m i n u t e s  f o r  
-4the  10 M ATP s o l u t i o n s  used in  t h e  p r e v i o u s  e x a m p le s .
The r e a s o n  f o r  t h i s  s l ow r e s p o n s e  i s  t h a t  a b u f f e r  i s  added
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t o  t h e  FFE r e a g e n t  t o  f u r t h e r  s l ow down t h e  a l r e a d y  s l ow 
k i n e t i c s  o f  t h e  f i r e f l y  r e a c t i o n .  T h e r e f o r e ,  ATP m o l e c u l e s  
must  d i f f u s e  even f u r t h e r  i n t o  t h e  immo b i l i z ed  phase  b e f o r e  
r e a c t i n g .  I t  was h y p o t h e s i z e d  t h a t  t h e  a d d i t i o n  o f  an ATP 
h y d r o l y s i n g  enzyme ( a p y r a s e )  in  t h e  enzyme ph a se  would 
s h o r t e n  t h e  e x c e s s i v e l y  l ong  r e s p o n s e  t i m e s  o f  t h e  d e v i c e .  
Th i s  improvement  would be a t  t h e  expense  o f  i n t e n s i t y ,  s i n c e  
t h e  l u c i f e r a s e  would be exposed  t o  a l ower  l e v e l  o f  ATP in  
t h e  enzyme p h a s e .
A s e r i e s  o f  e x p e r i m e n t s  were c o n d u c t e d  t o  t e s t  t h i s  
h y p o t h e s i s ,  and t o  gauge  t h e  s i z e  o f  t h e  e f f e c t .  The 
c o n d i t i o n s  were a pH 7 .5  b u f f e r ,  0 . 05  M HEPES and 0 .0 2  M
MgCl2 w i t h  1 mg o f  l u c i f e r i n  added pe r  l i t e r  o f  b u f f e r .
” 5  - 6The ATP sam p le s  were  10 M and 5x10 M. The
immobi l i z ed  phase  was 10 mg f i r e f l y  e x t r a c t / 0 . 5  ml o f
b u f f e r .  The a p y r a s e  l e v e l s  were v a r i e d  from 0 t o
1 mg /0 .5  ml o f  enzyme p h a s e .
The r e s u l t s ,  a v e r a g e d  f o r  e ach  r u n ,  a r e  shown in  
F i g u r e  14.  As can  be s e e n ,  i n t e n s i t y  d e c r e a s e s  by r o u g h l y  
t h e  same p r o p o r t i o n  a s  t h e  r e s p o n s e  t i m e s .
A prob l em wi th  t h e s e  t r i a l s  i s  t h a t  t h e  i n t e n s i t y  f o r  
two s i m i l a r  ATP sam p le s  d e c r e a s e s  w i th  c u m u l a t i v e  e x p o s u r e  
of  t h e  immo b i l i z ed  r e a g e n t  t o  ATP, a p rob lem which was 
o b se r v e d  in  e a r l i e r  e x p e r i m e n t s .  Th i s  e x p o s u r e - d e p e n d e n t
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FIGURE 14
E f f e c t  o f  Apyrase  on Response  t o  ATP
Graph showing t h e  r e l a t i o n s h i p s  be tween  
Apyrase  c o n c e n t r a t i o n  i n  t h e  immo b i l i z ed  
r e a g e n t ,  t h e  o b s e r v e d  i n t e n s i t y ,  and t h e  
90% r i s e  t i m e .  I n t e n s i t y  and r i s e  t i m e  a r e  
n o r m a l i z e d  w i th  r e s p e c t  t o  t h e i r  l a r g e s t  
v a l u e .  C o n d i t i o n s  a r e  l m g / l i t e r  l u c i f e r i n ,  
0.05M HEPES b u f f e r ,  0.02M MgCl2 , pH 7 . 5  
b u f f e r ;  and a 10-  M ATP aqueous  s a m p le .
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i n t e n s i t y  d e ca y  a l s o  made i t  i m p o s s i b l e  t p  o b t a i n  a
c a l i b r a t i o n  p l o t  f o r  ATP. I t  i s  t h e r e f o r e  i m p o s s i b l e  t o
p rove  t h a t  t h e  d e v i c e  i s  be in g  o p e r a t e d  unde r  non-ATP 
l i m i t i n g  c o n d i t i o n s ,  a h y p o t h e s i s  which  i s  s u g g e s t e d  by t h e
r e l a t i v e  i n t e n s i t i e s  o f  a d j a c e n t  p e a k s .  As a r e s u l t ,  f u t u r e
e x p e r i m e n t s  were co nd u c t ed  a t  l ower  ATP c o n c e n t r a t i o n s .
3
R e l a t i o n s h i p  Between L u c i f e r i n ,  L u c i f e r a s e ,  Apyrse  2_____
F a c t o r i a l  Exper imen t
The i n t e n s i t y  o f  t h e  ATP s i g n a l  w i l l  depend upon t h e  
p r e s e n c e  o f  a l a r g e  amount  o f  t h e  i n t e r m e d i a t e  co mp lex ,  
w h i l e  t h e  r e s p o n s e  t im e  sh ou ld  depend upon t h e  i n s t a n t a n e o u s  
r a t e  o f  ATP c o n s u m p t i o n .  I n t e n s i t y  and r e s p o n s e  t i m e  a r e  
bo t h  a f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  o f  l u c i f e r i n ,  
l u c i f e r a s e  and a p y r a s e  c o n c e n t r a t i o n s .  A 2? f a c t o r i a l  
e x p e r i m e n t  was run  t o  s t u d y  t h e s e  e f f e c t s .
The b u f f e r  used was 0 .05  M HEPES, 0 . 0 2  M MqCl^r and
pH 7 . 5 .  ATP s o l u t i o n s  o f  10~® and 2 x l 0 - ^ M were
p r e p a r e d  i n  d e i o n i z e d  w a t e r .  When t h e  r e s p o n s e  t i m e  was
s u f f i c i e n t l y  f a s t ,  ATP s o l u t i o n s  o f  0 . 5x10  ^ and 
“ 61 .5x10  M were added t o  t h e  e x p e r i m e n t ,  a s  a check  on t h e  
c o n s i s t e n c y  o f  t h e  d a t a  a t  d i f f e r e n t  ATP c o n c e n t r a t i o n s .
The pump was s e t  t o  i t s  h i g h e s t  s p e e d .  L u c i f e r i n  l e v e l s  
were 1 . 5  mg/1 b u f f e r  ( h i g h ) ,  o r  0 . 5  mg/1 b u f f e r  ( l o w ) .
Apyrase  l e v e l s  were 0 .75  mg (h igh)  o r  0.25.  mg ( low) p e r  
0 . 5  ml o f  enzyme s o l u t i o n .  The f i r e f l y  e x t r a c t  r e a g e n t ,  
a f t e r  be in g  e x t e nd ed  w i t h  t h e  LUMIT H.S.  due t o  low 
s u p p l i e s ,  was 30 mg (h igh)  o r  10 mg (low) p e r  0 . 5  ml o f  
enzyme s o l u t i o n .  The enzyme phase  was made up w i t h  b u f f e r  
d i l u t e d  t o  1 : 2  t h e  o r i g i n a l  c o n c e n t r a t i o n .
Tab l e  6 p r o v i d e s  a summary o f  t h e  r e s u l t s .  (A 
"+" i n d i c a t e s  a d e s i r a b l e  r e l a t i o n s h i p . )  Apyra se  ha s  t h e  
e x p e c t e d  e f f e c t  o f  improving  t h e  r e s p o n s e  t im e  w h i l e  
d e c r e a s i n g  t h e  s i g n a l  i n t e n s i t y .  High a p y r a s e  a l s o  
d e c r e a s e s  t h e  r e l a t i v e  i n t e n s i t y  d e c a y ,  mos t  l i k e l y  due t o  
t he  l ower  amount  o f  ATP r e a c t i n g  w i t h  t h e  l u c i f e r a s e  t h a n  
would o t h e r w i s e  o c c u r .  A h i g h  l e v e l  o f  b o t h  t h e  f i r e f l y  
" e x t r a c t "  and t h e  l u c i f e r i n  r e s u l t e d  i n  a more c o n s i s t e n t  
s i g n a l  o v e r  s e v e r a l  t r i a l s  and a l a r g e r  s i g n a l  i n t e n s i t y .  
These l a s t  two v a r i a b l e s  a r e  a l s o  a s s o c i a t e d  w i t h  a l o n g e r  
s e t  o f  r e s p o n s e  t i m e s .
P y r o p h o s p h a t a s e  R e s u l t s
A f i n a l  p a i r  o f  e x p e r i m e n t s  was pe r f o r m ed  t o  d i s c o v e r  
i f  t h e  b u i l d - u p  o f  p y r o p h o s p h a t e  i n  t h e  r e a g e n t  ph a se  i s  
r e s p o n s i b l e  f o r  t h e  c o n t i n u e d  d e c r e a s e  o f  i n t e n s i t y  w i t h  
t ime  o f  t h i s  d e v i c e .  The i n t e n s i t y ,  r i s e  t i m e ,  and f a l l  
t ime  o f  a s eq ue nc e  o f  s amp le s  were r e c o r d e d  f o r  two
TABLE 6
3
Summary o f  2 F a c t o r i a l  Exp e r ime n t  
E f f e c t s  o f  t h e  I n d e p e n d e n t  V a r i a b l e s
V a r i a b l e  I I / I  90%r i se  9 0% f a l l
L u c i f e r i n  + +
F i r e f l y  E x t r a c t  + + -
Apyra se  -  -  + ++
+ d e s i r a b l e  e f f e c t  
u n d e s i r a b l e  e f f e c t
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d i f f e r e n t  r e a g e n t  p h a s e s .  Both p h a s e s  were ba sed  upon 15 mg
f i r e f l y  e x t r a c t  ( ex t e n d ed  w i t h  t h e  LUMIT H .S . )  and 1 . 5  mg
a p y r a s e  enzyme m i x t u r e .  To one s a m p l e ,  a b o u t  2 mg o f  t h e
p y r o p h o s p h a t a s e  p r e p a r a t i o n  was a dd ed .  L u c i f e r i n  was added
to  1 mg pe r  l i t e r  o f  b u f f e r  u se d .  The ATP sa m p le s  were  made
-4by d i l u t i o n  from 10 M s t o c k  w i th  d e i o n i z e d  w a t e r .
— 6F i g u r e  15 shows t h e  r e s u l t s ,  i n  r e l a t i v e  u n i t s ,  f o r  10 M 
ATP.
The a d d i t i o n  o f  p y r o p h o s p h a t a s e  enzyme y i e l d s  a sy s t em 
w i t h  a l a r g e r  i n i t i a l  i n t e n s i t y ,  and s i m i l a r  r e s p o n s e  t im e  
compared t o  a s i m i l a r  sy s t em w i t h o u t  t h e  enzyme.  However ,  
t h e  p y r o p h o s p h a t a s e  sys tem s u f f e r s  from a marked l o s s  o f  
i n t e n s i t y  o ve r  t h e  e x p e r i m e n t a l  r u n ,  and becomes somewhat  
s l ow r e s p o n d i n g  by t h e  end o f  t h e  e x p e r i m e n t .  Due t o  i t s  
h i g h  e m i s s i o n  i n t e n s i t y ,  t h e  p y r o p h o s p h a t a s e  enzyme sys t em
_7
gave a S i g n a l / N o i s e  o f  ab o u t  5 w i t h  a 10 M ATP sa m p le .
—8T h i s  i n d i c a t e s  a d e t e c t i o n  l i m i t  o f  a b o u t  2x10 M ATP.
The r e s u l t s  o f  t h i s  p a i r  o f  e x p e r i m e n t s  p r o v i d e  a 
s t r o n g  i n d i c a t i o n  t h a t  t h e  o x y l u c i f e r i n  complex i s  t h e  major  
c a us e  o f  t h e  l o s s  o f  i n t e n s i t y  upon e x p o s u r e  t o  ATP. I f  
p y r o p h o s p h a t e  were b u i l d i n g  up in  t h e  i m m o b i l i z ed  p h a s e ,  t h e  
a d d i t i o n  o f  t h e  p y r o p h o s p h a t a s e  enzyme sh o u l d  r e s u l t  in  
i n c r e a s e d  i n t e n s i t y  o ve r  t h e  e n t i r e  e x p e r i m e n t a l  r u n .
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FIGURE 15
Compar ison  o f  S i g n a l s  Showing E f f e c t  o f  P y r o p h o s p h a t a s e
Compar i son o f  two s e t s  o f  s i g n a l s  (2x10 ® M 
ATP) , w i th  and w i t h o u t  t h e  a d d i t i o n  o f  
p y r o p h o s p h a t a s e .
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b u t  a v e ry  l a r g e  l o s s  o f  i n t e n s i t y  upon f u r t h e r  e x p o s u r e .  
A p p a r e n t l y ,  t h e  p r e s e n c e  o f  p y r o p h o s p h a t e  i n  low 
c o n c e n t r a t i o n s  h e l p s  d i s r u p t  t h e  o x y l u c i f e r i n - e n z y m e  
complex ,  p e r m i t t i n g  t he  enzyme to  b ind  a f r e s h  m o l e c u l e  o f  
l u c i f e r i n .
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DISCUSSION
The ATP s e n s o r  p r e s e n t s  a complex s i t u a t i o n  f o r  t h e  
e x p e r i m e n t e r  s e e k i n g  t o  u t i l i z e  i t  a s  an a n a l y t i c a l  
t e c h n i q u e .  T h i s  s t a t e  o f  a f f a i r s  i s  due t o  t h e  number o f  
e q u i l i b r i a  and s i d e  r e a c t i o n s  o c c u r r i n g  i n  a non-homogeneous  
p h a s e .  There  a r e  a t  l e a s t  f i v e  s p e c i e s  u n d e rg o i ng  
d i f f u s i o n a l  p r o c e s s e s ,  f o u r  o f  which a r e  i n v o l v e d  w i th  
e q u i l i b r i u m  r e a c t i o n s  w i th  t h e  l u c i f e r a s e  enzyme.  T h i s  
r e s u l t s  i n  s e v e r a l  enzyme s p e c i e s .  The i n t e g r a t e d  r a t e  o f  
t h e  d e c o m p o s i t i o n  o f  t h e  l a s t  e n z y m e - s u b s t r a t e  complex i s  
t h e  v a l u e  which i s  p r o p o r t i o n a l  to  t h e  i n t e n s i t y ,  b u t  
o b v i o u s l y  t h i s  w i l l  be a f u n c t i o n  o f  t h e  d i f f u s i n g  s p e c i e s ,  
and any o t h e r  enzymes c o - i m m o b i l i z e d  w i th  t h e  l u c i f e r a s e .
The f o l l o w i n g  c o n d i t i o n s ,  in  b road  o u t l i n e ,  a r e  needed
to  a c h i e v e  a u s e f u l  d e v i c e .  L u c i f e r i n  i s  needed i n  t h e
s o l u t i o n ,  v e r y  l i k e l y  a t  an o r d e r  o f  m ag n i t u de  g r e a t e r
c o n c e n t r a t i o n  t h a n  used h e r e .  Apyra se  may be used to
improve t h e  d e v i c e ' s  r e s p o n s e  t i m e ,  p r o v i d e d  t h a t  t h e
2 +s amp le s  a r e  s u f f i c i e n t l y  c o n c e n t r a t e d .  ' The Mg 
c o n c e n t r a t i o n  sh o u l d  be a t  l e a s t  0 .01  M a t  t h e  r e a c t i o n  
s i t e ,  and p o s s i b l y  h i g h e r .  A d d i t i o n a l l y ,  some method i s  
needed to  remove t h e  o x y l u c i f e r i n  from th e  enzyme p h a s e ,  and 
t h u s  s t o p  i t s  i n h i b i t o r y  e f f e c t s .
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Both l u c i f e r i n  and l u c i f e r a s e  a r e  needed  i n  l a r g e  
q u a n t i t i e s  i n  o r d e r  t o  f a v o r  t h e  f o r m a t i o n  o f  t h e  
i n t e r m e d i a t e  enzyme complex w i th  ATP. High l u c i f e r i n  
c o n c e n t r a t i o n s  w i l l  a l s o  h e l p  c o u n t e r b a l a n c e  t h e  e f f e c t  o f  
t r a n s i e n t  p y r o p h o s p h a t a t e  c o n c e n t r a t i o n s  upon t h i s  
e q u i l i b r i u m .  The t ime  s t a b i l i t y  o f  t h e  i n t e n s i t y  o v e r  many 
s amp le s  w i l l  a l s o  be enhanced  by h i g h  c o n c e n t r a t i o n s  o f  b o t h  
s u b s t a n c e s .
2 +A Mg c o n c e n t r a t i o n  o f  ab o u t  0 .01  M i s  needed t o
f a v o r  t h e  f o r m a t i o n  o f  t h e  enzyme i n t e r m e d i a t e .  S i n c e  t h i s
c o n c e n t r a t i o n  i s  c o n s i d e r a b l y  l a r g e r  t h a n  t h e  c o n c e n t r a t i o n s
2+o f  t h e  o t h e r  r e a g e n t s ,  and Mg i s  n o t  consumed i n  t h e  
r e a c t i o n ,  t h e  e f f e c t  o f  v a r y i n g  t h e  c o n c e n t r a t i o n  i s  n o t  
o b v i o u s .
The a p p a r e n t  c o m p e t i t i v e  i n h i b i t i o n  o f  t h e  r e a c t i o n  by 
o x y l u c i f e r i n  i s  c u r r e n t l y  a v e r y  s e r i o u s  o b s t a c l e  t o  t h e  
p r a c t i c a l  a p p l i c a t i o n  o f  t h i s  d e v i c e .  Some means o f  wash ing  
t h e  o x y l u c i f e r i n  o u t  o f  t h e  enzyme phas e  i s  n e e d e d .  One 
p o s s i b l e  t e c h n i q u e  would be p e r i o d i c  d i a l y s i s  a g a i n s t  a 
b u f f e r  c o n t a i n i n g  p y r o p h o s p h a t e  and a d e n o s i n e  monophospha te  
(AMP). A s econd  a p p r o a c h ,  which would r e s u l t  i n  l ower  
i n t e n s i t i e s ,  would be t o  add p y r o p h o s p h a t e  t o  t h e  u s u a l  
b u f f e r .
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A second  major  o b s t a c l e  t o  t h e  d e v i c e ' s  p r a c t i c a l i t y  i s  
t h e  c o s t  o f  l u c i f e r i n .  A method must  be d e v i s e d  t o  o b t a i n  
h i g h  l o c a l  c o n c e n t r a t i o n s  i n  t h e  enzyme ph a se  which  a r e  l e s s  
w a s t e f u l  o f  l u c i f e r i n  t h a n  t h e  c u r r e n t  t e c h n i q u e .  One 
p o s s i b i l i t y  c o u ld  be t o  a l l o w  t h e  l u c i f e r i n  f rom a r e a g e n t  
s t r e a m  to  d i f f u s e  t h r o u g h  t h e  enzyme p h a s e ,  and o u t  t h r o u g h  
t h e  a n a l y t e  m ob i l e  p h a s e .  I t  i s  n o t  i n c o n c e i v a b l e  t h a t  t h i s  
t y pe  o f  a p p r o a ch  c o u l d  i n c l u d e  r e a g e n t s  f o r  t h e  r emova l  o f  
t h e  o x y l u c i f e r i n  p r o d u c t  a l s o .
CHAPTER FIVE
CHEMILUMINESCENT SENSOR FOR OXYGEN BASED ON 
PERAMINOETHYLENES
S e v e r a l  methods  a r e  a v a i l a b l e  t o  t h e  a n a l y s t  f o r  t h e  
d e t e r m i n a t i o n  o f  oxygen i n  b o t h  g a s e o u s  and aq ueous  s a m p l e s .  
The C l a r k  e l e c t r o d e ,  ba sed  upon t h e  e l e c t r o c h e m i c a l  
r e d u c t i o n  o f  oxygen a t  a n o b l e  m e t a l  e l e c t r o d e  a f t e r  
d i f f u s i o n  t h r o u g h  a b a r r i e r  membrane,  i s  one o f  t h e  more 
common t e c h n i q u e s .  There  a r e  s e v e r a l  p ro b l em s  a s s o c i a t e d  
w i t h  t h e  C l a r k  e l e c t r o d e ,  which p r omp t s  t h e  s e a r c h  f o r  
s u b s t i t u t e  t e c h n i q u e s .  The C l a rk  e l e c t r o d e  i s  s e n s i t i v e  t o  
t h e  p r e s e n c e  o f  o t h e r  o x i d i z i n g  g a s e s  i n  t h e  s a m p le ,  e . g .
C I 2 whi ch  w i l l  a l s o  be r educed  a t  t h e  c a t h o d e ,  t h u s  g i v i n g  
a f a l s e l y  h i g h  v a l u e .  Another  t y p e  o f  i n t e r f e r e n c e  w i l l  be 
g a s e s  which r e a c t  w i th  t h e  e l e c t r o d e  p r o p e r ,  e . g .  H2S, 
which r e s u l t s  i n  a po i so n e d  e l e c t r o d e  (46) . I t  i s  d e s i r a b l e  
t o  overcome t h e s e  d e f e c t s  i n  an C>2 s e n s o r .  N e i t h e r  o f  t h e  
above p rob l em s  o f  t h e  C l a r k
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e l e c t r o d e  would be e x p e c t e d  w i th  a s e n s o r  ba se d  on 
p e r a m i n o e t h y l e n e  CL, s i n c e  no o x i d a n t  i s  known o t h e r  t h a n  
O2 which  w i l l  g e n e r a t e  l u m i n e s c e n c e .  A d d i t i o n a l l y ,  t h e  
o x i d a t i o n  o f  p e r a m i n o e t h y l e n e s  i s  f a s t .  A d e v i c e  ba sed  upon 
t h e i r  CL sh o u l d  o p e r a t e  unde r  mass t r a n s f e r  l i m i t e d  
cond i t i o n s .
The most  s t u d i e d  p e r a m i n o e t h y l e n e  i s  t e t r a k i s  
( d i m e t h y l a m i n o ) e t h y l e n e  (TMAE). TMAE i s  commonly 
s y n t h e s i z e d  u t i l i z i n g  a bomb t e c h n i q u e .  T h e r e f o r e ,  
s y n t h e s i s  o f  t h i s  r e a g e n t  i s  n o t  r e a d i l y  a c c o m p l i s h e d  by u s .  
The o t h e r  members o f  t h i s  c l a s s  o f  e t h y l e n e s  may be 
s y n t h e s i z e d  i n  good y i e l d  by a v a r i e t y  o f  m e t h o d s .  One, 
1 , 1 ' , 3 , 3 '  t e t r a e t h y l  A 2 ' 2 - b i ( i m i d a z o l i d i n e )  , was chosen  
to  i n i t i a t e  t h e  r e s e a r c h .  Dur ing t h e  c o u r s e  o f  t h i s  
r e s e a r c h  i t  was d i s c o v e r e d  t h a t  TMAE i s  a v a i l a b l e  t h r o u g h  
Armegeddon Chemica l  Company, Durham, N.C.
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EXPERIMENTAL
I n s t r u m e n t a t i o n
An e a r l y  v e r s i o n  o f  t h e  s e n s o r  was c o n s t r u c t e d  a lo ng  
t h e  l i n e s  o f  t h e  CL-FOP. A r e a g e n t  r e s e r v o i r  ( F i g u r e  16) 
was c o n s t r u c t e d  and f i t t e d  t o  a Nylon b l o c k .  The F i b e r  
Op t i c  (FO) was f i t t e d  be h ind  t h e  r e a g e n t  r e s e r v o i r ,  and h e l d  
in  p l a c e  w i th  PVC t a p e  and c l a y .  The Nylon b l o c k s  were dyed 
b l a c k  and t h en  wrapped in  PVC e l e c t r i c a l  t a p e  t o  e n s u r e  a 
d a rk  en v i ro n m en t  f o r  t h e  CL r e a c t i o n .  At f i r s t ,  t h e  FO was 
t h e  1/8 i nch  d i a m e t e r  o p t i c  used i n  t h e  f i r s t  p r o j e c t .  A 
l a t e r  v e r s i o n  u t i l i z e d  a 1/4 i n ch  d i a m e t e r  FO and a s c a l e d  
up r e a g e n t  r e s e r v o i r .  E x p e r i e n c e  w i t h  t h i s  d e v i c e ,  
i n c l u d i n g  t h e  f r e e z i n g  o f  t h e  n e a t  EIA i n  t h e  c a p i l l a r i e s  
when a t t e m p t i n g  t o  l oad  t h e  r e s e r v o i r ,  and t h e  i n a b i l i t y  t o  
a c h i e v e  a u s a b l e  s i g n a l  i n t e n s i t y  more t h a n  o n c e ,  r e s u l t e d  
in a co m p l e t e  r e d e s i g n  o f  t h e  d e v i c e .
Except  a s  n o t e d ,  t h e  i n s t r u m e n t  and g a s  d e l i v e r y  sy s t em 
in  F i g u r e  17 were  u s e d .  A i r  ( or  0 2 ) i s  t a k e n  from t h e  
compres sed  g a s  c y l i n d e r  and pa s s e d  t h r o u g h  a c a l i b r a t e d  
Matheson Model 602 r o t a m e t e r ,  and t h e n  p a s s e d  t h r o u g h  a 
n e e d l e  v a l v e .  Th i s  v a l v e  a r r a n g e m e n t  was c ho se n  t o  m in imize  
t he  e f f e c t s  o f  p r e s s u r e  f l u c t u a t i o n s  downs t r eam from t h e  
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Flow Diagram o f  Senso r  and Gas Flow System
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o r  0 2 s t r e a m ,  and t h e  combined m i x t u r e  i s  p a s s e d  t h r o u g h  a 
s econd  r o t a m e t e r  t o  a c o n s t a n t  volume v a l v e  (Brooks  
I n s t r u m e n t  C o . ) .  The s econd f l ow m e t e r  s e r v e d  no 
q u a n t i t a t i v e  p u r p o s e ,  b u t  p r o v i d e d  a c r u d e  ch eck  on t h e  
s t a b i l i t y  o f  t h e  combined f l ow  s t r e a m .  The g a s  s t r e a m  
p a s s e d  i n t o  t h e  sample  chamber  o f  t h e  r e a c t i o n  h o u s i n g  
( F i g u r e  18) Where t h e  C>2 i n  t h e  g a s  s t r e a m  c o u ld  d i f f u s e  
a c r o s s  t h e  T e f l o n  membrane.  The o b s e r v e d  CL s i g n a l  was 
c r e a t e d  by r e a c t i o n  w i th  EIA i n  s o l u t i o n .  The CL s i g n a l  was 
o b s e r v e d  by a P.M. t u b e  l o c a t e d  b e h in d  t h e  g l a s s  c e l l  i n  a 
r e f r i g e r a t e d  h ou s in g  ( P r o d u c t s  For  R e s e a r c h  Model 
T E -1 04 -T S) . Gases  were v e n t e d  t o  t h e  a t m o s p h e r e .  The t o t a l  
f l ow r a t e  o f  g a s e s  was s l i g h t l y  l e s s  t h a n  1 . 5  l i t e r s / m i n .
At t h e  g a s  f low r a t e s  used i n  t h i s  s t u d y ,  t h e  use  o f  p l a s t i c  
t u b i n g  i n  t h e  g a s  d e l i v e r y  s y s t e m  i s  n o t  e x p e c t e d  t o  
i n t r o d u c e  s i g n i f i c a n t  e r r o r s  due t o  0 2 d i f f u s i o n  t h r o u g h  
t h e  p l a s t i c .
The i n t e n s i t y  o f  t h e  CL s i g n a l  was o b s e r v e d  by an 
EMI 6255B p h o t o m u l t p l i e r  t u b e  w i th  t h e  p h o t o c u r r e n t  
d i s p l a y e d  on a SPEX D i g i t a l  Pho t om e te r  (Model DPC2).
R e a c t i o n  t e m p e r a t u r e  was c o n t r o l l e d  by pumping t h e r m o s t a t t e d  
w a t e r  t h r o u g h  c op pe r  t u b i n g  wrapped a round  t h e  e x t e r i o r  o f  
t h e  aluminum h o u s i n g .  Bl ack  c l o t h  c o v e r e d  t h e  r e a c t i o n  
chamber /P .M.  t u b e  a s s e m b ly .  EIA s o l u t i o n s  i n  t h e  r e a g e n t  
c e l l  were s t i r r e d  by a Corn ing  PC351 s t i r / h e a t i n g  p l a t e
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Exploded  View o f  Gas and Reagen t  C e l l s
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co u p l ed  t o  a m ag ne t i c  s t i r  ba r  w i t h i n  t h e  r e a g e n t  c e l l .  The 
pu r p os e  o f  s t i r r i n g  was t o  r ed uc e  t h e  p a r t i a l  p r e s s u r e  
on t h e  r e a g e n t  s i d e  o f  t h e  membrane.  However ,  CL i n t e n s i t y  
r emained  c o n s t a n t  when s t i r r i n g  was t u r n e d  o f f ,  and t h u s  i t  
a p p e a r s  t h a t  s t i r r i n g  o f  t h e  r e a g e n t  i s  u n n e s c e s s a r y .
The membrane was 1 mi l  t h i c k  FEP T e f l o n  w i t h  an a r e a  
2a b o u t  10 cm .
Re age n t s
A l l  g a s e s  were s u p p l i e d  by L in de ,  and were used as  
r e c e i v e d .
The EIA r e a g e n t  was p r e p a r e d  by a m o d i f i c a t i o n  o f  a 
l i t e r a t u r e  t e c h n i q u e  ( 4 7 ) .  N,N'  e t h y l e n e d i a m i n e  ( A l d r i c h )  
was r e f l u x e d  unde r  ^  w i t h  an e q u a l  volume o f  N,N 
d im e t h y l f o r m am i d e  d i m e t h y l a c e t a l  ( A l d r i c h )  i n  a 100 ml 
f l a s k .  Methanol  was d i s t i l l e d  o f f  a t  65°C.  The r e a c t i o n  
was h e a t e d  f u r t h e r  u n t i l  t h e  d i s t i l l a t e  r e a c h e d  a 
t e m p e r a t u r e  in e x c e s s  o f  150°C.  At t h i s  t i m e ,  h e a t i n g  was 
s t o p p e d ,  and t he  r e a c t i o n  a l l o we d  t o  c oo l  t o  room 
t e m p e r a t u r e  under  N2 * A f t e r  t h e  r e a c t i o n  was c o o l ,  t h e  
N2 t a n k  was d i s c o n n e c t e d  and a vacuum pump a t t a c h e d .  EIA 
was vacuum d i s t i l l e d  under  a p r e s s u r e  o f  be tween 0 . 5  and 1 .0  
t o r r  a t  a t e m p e r a t u r e  o f  80°C.  The l i g h t  y e l l o w  p r o d u c t  
was c o l l e c t e d  i n  a Sch lenk  f l a s k ,  and s t o r e d  a s  a hexane
96
s o l u t i o n  (Baker  Ana ly sed  HPLC Reagen t )  t o  p r e v e n t  f r e e z i n g .  
When exposed  t o  a i r ,  t h i s  s o l u t i o n  e x h i b i t e d  a b r i g h t  y e l l o w  
e m i s s i o n .  D i l u t i o n  w i t h  hexane  s h i f t e d  t h e  e m i s s i o n  t o  a 
b l u e - g r e e n  c o l o r .
A l l  d i l u t i o n s  were c a r r i e d  o u t  i n  a g l o v e  bag swept  
w i th  N2 «
Pro c ed u r e
The p r o c e d u r e  f o r  m ea su r i n g  0 2 w i t h  t h e  s e n s o r  was a s  
f o l l o w s .  The g a s  and r e a g e n t  s i d e s  o f  t h e  membrane were 
f l u s h e d  w i t h  N2 from th e  g a s  d e l i v e r y  s y s t e m .  The r e a g e n t ,  
c e l l  was d i s c o n n e c t e d  from t h e  N2 and f i l l e d  by s y r i n g e  
w i t h  t h e  d e s i r e d  EIA s o l u t i o n .  To av o id  t r a p p i n g  ga s  
b u b b l e s  i n  t h e  c e l l ,  t h e  e n t i r e  a s s e m b ly  was t i l t e d  d u r i n g  
t h e  l o a d i n g  p r o c e s s .  Not more t h a n  6 ml o f  EIA s o l u t i o n  
were used i n  a g i v e n  i n j e c t i o n .  I n i t i a l  CL e m i s s i o n  was 
a l l o w e d  t o  decay  t o  a l ow,  s t e a d y  v a l u e  a g a i n s t  N2 » Th is  
e m i s s i o n  p r o b a b l y  a r i s e s  from 0 2 d i f f u s i n g  t h r o u g h  t h e  
T e f l o n  p o r t i o n s  o f  t h e  s y s t e m ,  and t r a c e s  o f  0 2 i n  t h e  
n i t r o g e n  g a s .  I f  t e m p e r a t u r e  c o n t r o l  Was u s e d ,  i t  was s e t  
d u r i n g  t h e  0 . 5  h r  t h a t  t h e  i n i t i a l  d e ca y  t y p i c a l l y  r e q u i r e d .  
The s p e c i f i c  s e quence  o f  g a s  f l ow r a t e s  which c om p r i s e d  t h e  
e x p e r i m e n t  was t h en  c a r r i e d  o u t .  For  t h e  c a s e  o f  t h e  
i n t e n s i t y  de cay  e x p e r i m e n t s ,  C>2 f l ow  was s e t ,  and t h e
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s i g n a l  r e c o r d e d  f o r  12 h r  on a s t r i p  c h a r t  r e c o r d e r .  In 
c a l i b r a t i o n  e x p e r i m e n t s ,  a i r  f l ow would be s e t  t o  z e ro  f l o w ,  
and t h e  P.M. t u b e  c u r r e n t  r e c o r d e d .  The n e e d l e  v a l v e  f o r  
a i r  would be q u i c k l y  opened (3-5 s e co nd s )  u n t i l  a i r  f l ow was 
c o n s t r a i n e d  by t h e  c o n s t a n t  volume v a l v e .  The P.M. t u b e  
c u r r e n t  was a g a i n  r e c o r d e d  when t h e  s i g n a l  v a l u e  had 
s t a b i l i z e d .  A i r  f l ow was t h en  s e t  t o  t h e  d e s i r e d  v a l u e .
When t h e  P.M. t u b e  c u r r e n t  had s t a b i l i z e d ,  t h e  c u r r e n t  was 
a g a i n  r e c o r d e d .  Th i s  p r o c e s s  was r e p e a t e d ,  s t a r t i n g  w i th  
t h e  zero  a i r  f low r a t e .  Th i s  c y c l e  would be c o n t i n u e d  u n t i l  
t h e  e x p e r i m e n t  was c o m p l e t e d .
C a l i b r a t i o n s  a g a i n s t  an aqueous  pha se  sample  were 
pe r fo rmed  s l i g h t l y  d i f f e r e n t l y  from g a s  ph a se  c a l i b r a t i o n s .  
For  t h e s e  e x p e r i m e n t s ,  t h e  r e a c t i o n / P . M .  t u b e  a s s e m b ly  was 
i n v e r t e d  so t h a t  t h e  w a t e r  sample  r e s t e d  upon t h e  T e f l o n  
membrane.  An a i r  c a l i b r a t i o n  was pe r fo rm ed  upon t h e  EIA 
sample  b e f o r e  w a t e r  was i n j e c t e d  i n t o  t h e  g a s  sample  t u b i n g  
w i th  a s y r i n g e .  Due t o  t h e  h ig h  ga s  f l ow r a t e ,  t h e  w a t e r  
had to  be r e p l e n i s h e d  a t  l e a s t  a s  o f t e n  a s  e v e r y  o t h e r  
c a l i b r a t i o n  p o i n t  in t h e  e x p e r i m e n t .  The r a t e  o f  r e s p o n s e  
was much s l o we r  f o r  a l i q u i d  phase  due t o  t h e  t ime  r e q u i r e d  
to  exchange  t h e  o l d  and new g a s e s  in  t h e  l i q u i d .
A f t e r  an e x p e r i m e n t  was c o m p l e t e d ,  s p e n t  r e a g e n t  
s o l u t i o n  was f l u s h e d  from th e  g l a s s  c e l l  w i t h  25-30  ml 
h e x a n e .
99
RESULTS
I n i t i a l  E x p e r i m e n t s
An e x p e r i m e n t  was d e s i g n e d  t o  d e t e r m i n e  how f o u r  
v a r i a b l e s  i n f l u e n c e d  t h e  o b s e r v e d  CL i n t e n s t i t y  and t h e  r a t e  
a t  which t h e  CL i n t e n s t i y  changed  w i t h  t i m e .  The f o u r  
v a r i a b l e s  were ch os en  due t o  t h e i r  e x p e c t e d  i m p o r t a n c e .  The 
i n d e p e n d e n t  v a r i a b l e s  which were s e l e c t e d  f o r  i n v e s t i g a t i o n  
were t h e  0 2 p r e s s u r e  ( a c t u a l l y  t h e  f l ow  r a t e  o f  t h e  g a s ) , 
t h e  c o n c e n t r a t i o n  o f  t h e  EIA in  t h e  r e a g e n t  r e s e r v o i r ,  t h e  
c o n c e n t r a t i o n  o f  t h e  i m i d a z o l i d o n e  p r o d u c t  f rom t h e  
r e a c t i o n ,  and t h e  c o n c e n t r a t i o n  o f  an a l c o h o l  ( t - b u t a n o l ) .
A f a c t o r i a l  d e s i g n  was c h o s e n ,  w i t h  h i g h  and low s e t t i n g  f o r  
e ach  v a r i a b l e .  The EIA c o n c e n t r a t i o n s  were  c h os en  t o  
b r a c k e t  a 5%(wt/wt)  s o l u t i o n  i n  h e x a n e ,  t h e  h i g h  v a l u e  b e in g  
ab o u t  10% and t h e  low v a l u e  be in g  a b o u t  1%. C>2 f l o w s  were
chosen  t o  a p p ro x i m a t e  an a tm osp he re  o f  p u r e  C>2 and one o f  
20% 0 2 ( a t m o s p h e r i c  p r e s s u r e )  N2 be ing  used a s  t h e  
d i l u e n t  g a s .  The h i g h  s e t t i n g  f o r  t h e  a l c o h o l  and t h e
_3
i m i d a z o l a d o n e  were 10 M in  h e x a n e .  The low s e t t i n g s  i n  
b o t h  c a s e s  were t h e  a b s e n c e  o f  t h e  compound.  A c e n t e r  p o i n t  
i n  t r i p l i c a t e  was i n c l u d e d  i n  t h e  d e s i g n  b u t  n o t  u s e d .  A l l  
e x p e r i m e n t s  were randomized  u s i ng  a random number g e n e r a t o r .
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I n  e ach  e x p e r i m e n t  t h e  r e a g e n t  chamber  was f i l l e d  w i th  
t h e  s o l u t i o n  under  i n v e s t i g a t i o n .  The d e s i r e d  0 2 f low was 
s e t ,  and i n t e n s i t y  was r e c o r d e d  o v e r  12 h o u r s .  The s t r i p  
c h a r t  t r a c e s  were t h e n  r e p l o t t e d  on t h e  U n i v e r s i t y ' s  DEC 
SYSTEM 10 compu te r  u s i n g  a l i b r a r y  p l o t t e r  p r og ram .  Data  
r e d u c t i o n  c o n s i s t e d  o f  o v e r l a y i n g  t h e  h i g h  and low t r a c e s  
f o r  e ach  o f  t h e  v a r i a b l e s .  A v a r i a b l e  was c o n s i d e r e d  
s i g n i f i c a n t  when a l l  e i g h t  c a s e s  showed t h e  same r e s u l t s  
( i e .  t h e  h i g h  s e t t i n g  o f  t h e  v a r i a b l e  was a lw ays  more 
i n t e n s e  t h a n  t h e  low s e t t i n g ) . The r e s u l t s  a r e  shown in  
F i g u r e  19.
By t h e s e  c r i t e r i a ,  t h e  e x p e r i m e n t  showed s i g n i f i c a n t  
depend en ce  f o r  bo th  d e p e n d e n t  v a r i a b l e s  on t h e  l e v e l s  o f  EIA 
c o n c e n t r a t i o n  and t he  0 2 f l o w .  A h i g h  C>2 f l o w  r e s u l t s  
in  a l a r g e r  s i g n a l ,  b u t  a l s o  r e s u l t s  i n  a g r e a t e r  r a t e  o f  
d e c a y  o f  CL i n t e n s i t y  o ve r  12 h o u r s .  A h i g h  EIA 
c o n c e n t r a t i o n  a l s o  i n c r e a s e s  t h e  CL i n t e n s t i t y ,  w h i l e  
t e n d i n g  t o  r e t a r d  t he  d e ca y  i n  i n t e n s i t y .  Under t h e  
c o n d i t i o n s  u s e d ,  and by t h e  c r i t e r i a  s e l e c t e d  f o r  
s i g n i f i c a n c e ,  n e i t h e r  t h e  a l c o h o l  nor  t h e  i m i d a z o l i d o n e  
c o n c e n t r a t i o n  were a c c e p t e d  a s  s i g n i f i c a n t .
The shape  o f  t h e  de cay  cu rve  r e f l e c t s  t h e  mechanism by 
which t h e  de cay  o c c u r s .  T h e r e f o r e ,  t h e  sha pe  o f  t h e  c u r v e  
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FIGURE 19
12 Hour S i g n a l  Decay Curves  f o r  Oxygen Se nso r
T h i s  f i g u r e  i s  an o v e r l a y  o f  s i x t e e n  12 hou r  
t r a c i n g s  f o r  t h e  d eca y  o f  t h e  CL s e n s o r .  The 
t o p  c r o s s  h a t c h e d  s e t  o f  c u r v e s  a r e  a l l  f rom 
samp le s  w i t h  a h i g h  EIA c o n c e n t r a t i o n  
( ab ou t  10%) pe r fo rmed  a t  a h i g h  O2 p a r t i a l  
p r e s s u r e .  The t o p  s e t  o f  p l a i n  c u r v e s  
r e p r e s e n t  t h e  d e c a y s  f o r  low EIA s o l u t i o n s  a t  
t h e  same h i g h  0 2 p a r t i a l  p r e s s u r e .  The 
bo t tom two s e t s  o f  t r a c e s  r e p r e s e n t  s i m i l a r  
e x p e r i m e n t s  a t  a low 0 2 p a r t i a l  p r e s s u r e ,  
where  t h e  c r o s s  h a t c h i n g  s t i l l  r e p r e s e n t s  t h e  
h i g h  EIA c o n c e n t r a t i o n .
102
i n t e n s i t y  i s  due t o  t h e  co nsumpt ion  o f  EIA o r  q u e nc h i ng  by 
t h e  b u i l d u p  o f  t h e  i m i d a z o l i d o n e  p r o d u c t ,  o r  a c o m b i n a t i o n  
o f  t h e  two p r o c e s s e s  ( 3 0 , 3 5 - 3 8 ) .
Quenching by t h e  i m i d a z o l i d o n e  p r o d u c t  i s  e x p e c t e d  to  
f o l l o w  a S t e r n - V o l m e r  t y p e  p r o c e s s  . A f t e r  c o n s i d e r i n g  t he  
r e a c t i o n ,  i t  i s  o b v i o u s  t h a t  t h e  c o n c e n t r a t i o n  o f  t h e  
p r o d u c t  i s  p r o p o r t i o n a l  t o  t h e  l e n g t h  o f  t im e  t h a t  t h e  
d e v i c e  ha s  been  exposed  t o  oxygen a t  a c o n s t a n t  p r e s s u r e .  A 
S t e r n - V o l m e r  qu ench ing  mechanism r e s u l t s  i n  an i n t e n s i t y  
i n v e r s e l y  p r o p o r t i o n a l  to  a t erm c o n t a i n i n g  t h e  q u e n c h e r  
c o n c e n t r a t i o n  . From t h e s e  c o n s i d e r a t i o n s ,  a p l o t  o f  t h e  
r e c i p r o c a l  o f  t h e  i n t e n s i t y  v s .  t ime  w i l l  be l i n e a r  i f  
quench ing  i s  t h e  dominan t  c a us e  o f  t h e  d e c a y .  When t h e  
decay  c u r v e s  a r e  r e p l o t t e d  as  t h e  r e c i p r o c a l  o f  i n t e n s i t y  
( F i g u r e  2 0 ) ,  t h e y  a r e  c u r v e d .  Thus ,  w h i l e  q ue nch in g  by 
i n c r e a s e d  p r o d u c t  c o n c e n t r a t i o n  may o c c u r ,  i t  i s  c e r t a i n l y  
n o t  t h e  major  r e a s o n  f o r  t h e  i n t e n s i t y  d e c a y .  T h i s  i s
_3
c o n s i s t e n t  w i th  t h e  o b s e r v a t i o n  t h a t  10 M i m i d a z o l i d o n e  
d id  n o t  have  an o b se r v e d  e f f e c t  on t h e  i n t e n s i t y  v s .  t im e  
c u r v e s .
Anothe r  p o s s i b i l i t y  i s  t h a t  t h e  i n t e n s i t y  d e ca y  i s  due 
to  EIA c o n s u m p t i o n .  The c o n c e n t r a t i o n  o f  EIA i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  G>2 e x p o s u r e  (and t he  p r o d u c t  
c o n c e n t r a t i o n ) , w h i l e  t h e  CL i n t e n s i t y  i s  p r o p o r t i o n a l  to
o
e
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S t e r n - V o l m e r  P l o t  o f  Senso r  S i g n a l  Decay
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t h e  s q u a r e  o f  t h e  EIA c o n c e n t r a t i o n .  T h e r e f o r e ,  t h e  shape  
o f  t h e  de ca y  c u r v e  sh o u l d  be t h a t  o f  a s e con d  o r d e r  
p o l y n o m i a l .  When t h e  d a t a  i s  f i t  by a l e a s t  s q u a r e s  
r o u t i n e ,  t h e  r e s u l t i n g  f i t  t o  t h e  model  i s  much b e t t e r  t h a n  
i n  t h e  c a s e  o f  t h e  S t e rn -V o l m e r  q u e n c h i n g ,  a l t h o u g h  t h e  f i t  
i s  n o t  p e r f e c t  ( F i g u r e  2 1 ) .  T h i s  i s  i n d i c a t i v e  t h a t  t h e  
r a t e  o f  i n t e n s i t y  decay  i s  p r i m a r i l y  due t o  EIA c o n s u m p t i o n .
CL i n t e n s i t y  decayed  much more r a p i d l y  t h a n  e x p e c t e d ,  
ba sed  upon c a l c u l a t i o n s  u s i n g  known r a t e s  o f  oxygen 
p e r m e a t i o n  t h r o u g h  T e f l o n  membranes .  A p p a r e n t l y ,  t h e  hexane  
s o l u t i o n  o f  EIA i n t e r a c t s  w i t h  t h e  FEP T e f l o n  t o  enhance  
oxygen p e r m e a b i l i t y .  As w i l l  be c o n s i d e r e d  i n  t h e  
d i s c u s s i o n ,  i t  would be p r e f e r a b l e  t o  work a t  a much l ower  
C>2 p e r m e a t i o n  r a t e  in  most  p r a c t i c a l  s i t u a t i o n s .
Response  To Oxygen /  Tem p e r a tu r e  In  The Gas Phase
CL i n t e n s i t y  a s  a f u n c t i o n  o f  0  ^ p a r t i a l  p r e s s u r e  and 
t e m p e r a t u r e  was i n v e s t i g a t e d  n e x t .  For  t h i s  e x p e r i m e n t ,  t h e  
f l ow m e t e r  i n  t h e  a i r  l i n e  was c a l i b r a t e d  by w a t e r  
d i s p l a c e m e n t .  The v a l v e  i n  t h e  f l ow m e t e r  was r e p l a c e d  by a 
n e e d l e  v a l v e  p l a c e d  i n t o  t h e  t u b i n g  a f t e r  t h e  f l ow  m e t e r ,  
m in im iz i ng  t h e  e f f e c t s  o f  v a r i a b l e  back  p r e s s u r e  upon t h e  
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FIGURE 21
Q u a d r a t i c  R e g r e s s i o n  on 12 Hour I n t e n s i t y
Curve
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E x p e r i m e n t a l  V a l u e s
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e f f e c t s  o f  t e m p e r a t u r e  and 0  ^ f l ow  r a t e  upon t h e  r i s e  and 
f a l l  t i m e s  o f  t h e  s i g n a l .
The e f f e c t  o f  t e m p e r a t u r e  on t h e  c a l i b r a t i o n  c u r v e  can  
be s e en  i n  F i g u r e  22.  The v a r i a t i o n  i n  s l o p e s  f o r  t h e  
r e p l i c a t e  c a l i b r a t i o n s  a t  t h e  same t e m p e r a t u r e  r e f l e c t  
v a r i a t i o n s  i n  r e a g e n t  q u a l i t y .  The e f f e c t  o f  t e m p e r a t u r e  on 
t h e  s e n s o r  i s  mos t  l i k e l y  due t o  t h e  t e m p e r a t u r e  d e pe nd e nc e  
o f  t h e  d i f f u s i o n  o f  a g a s  t h r o u g h  a membrane.  T h i s  w i l l  
f o l l o w  t h e  e q u a t i o n  (46) :
D = Dq EXP ( -Ed/RT)
where  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  a t  t h e  e x p e r i m e n t a l  
t e m p e r a t u r e ,  Dq i s  t h e  d i f f u s i o n  c o e f f i c i e n t  a t  a 
r e f e r e n c e  t e m p e r a t u r e ,  E^ i s  t h e  a c t i v a t i o n  e n e r g y  f o r  t h e  
d i f f u s i o n  p r o c e s s  i n  t h e  membrane,  R i s  t h e  g a s  c o n s t a n t ,  
and T i s  t h e  a b s o l u t e  t e m p e r a t u r e .  T h i s  t y p e  o f  p r o c e s s  i s  
c a p a b l e  o f  i n i t i a t i n g  t e m p e r a t u r e  e f f e c t s  o f  1-6% pe r  
d e g r e e .  The o b s e r v a b l e  t e m p e r a t u r e  e f f e c t  w i l l  a l s o  i n c l u d e  
any c h a n g e s  i n  CL e f f i c i e n c y  w i t h  t e m p e r a t u r e .
A l l  c a l i b r a t i o n s  r e s u l t e d  i n  l i n e a r  c a l i b r a t i o n  c u r v e s  
o v e r  t h e  l i m i t e d  r ange  s t u d i e d ,  a l t h o u g h  t h e  s l o p e s  be tween 
c a s e s  were h i g h l y  v a r i a b l e .  C o r r e l a t i o n  v a l u e s  were 
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o f  t h e  s i g n a l  o b t a i n e d  w i t h  a pu re  a i r  f l o w  d i d  n o t  change  
a p p r e c i a b l y  d u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t ,  a b o u t  2 
h o u r s .
A d e t e c t i o n  l i m i t  o f  1 ppm(V/V) 0 2 i n  t h e  g a s  phase  
was e s t i m a t e d  making two i m p o r t a n t  a s s u m p t i o n s .  F i r s t ,  i t  
was assumed t h a t  r e s p o n s e  t o  oxygen c o n t i n u e s  t o  be l i n e a r l y  
p r o p o r t i o n a l  t o  t h e  0 2 p a r t i a l  p r e s s u r e  a t  low v a l u e s .  
Second ,  i t  was assumed t h a t  t h e  a b i l i t y  t o  m eas u r e  s m a l l  
oxygen l e v e l s  was l i m i t e d  by t h e  P.M. t u b e  d a r k c u r r e n t  
n o i s e .  I n  p r a c t i c e ,  a s i g n i f i c a n t  l e v e l  o f  CL i s  o b se rv e d  
w i th  a N2 ga s  i n  t h e  sample  chamber .  T h i s  s i g n a l  i s  
a t t r i b u t a b l e  t o  r e s i d u a l  oxygen as  a c o n t a m i n a n t  i n  t h e  
n i t r o g e n  p l u s  oxygen t h a t  d i f f u s e  t h r o u g h  t h e  p l a s t i c  t u b i n g  
o f  t h e  g a s  h a n d l i n g  s y s t e m .
The e f f e c t  o f  t e m p e r a t u r e  upon t h e  r i s e  and f a l l  t im e s  
( t ime  t o  r e a c h  90% o f  t h e  f i n a l  v a l u e )  was s m a l l .  At 15°C 
b o t h  t h e  r i s e  and f a l l  t i m e s  r an  ab o u t  20-24 s e c o n d s .  At 
t h e  h i g h e r  t e m p e r a t u r e ,  t h e s e  r e s p o n s e s  were d e c r e a s e d  to  
o n l y  ab o u t  10 s e c o n d s .  The improvement  i n  t h e  r e s p o n s e  t ime  
r e f l e c t  t h e  k i n e t i c s  o f  b o t h  t h e  d i f f u s i o n  p r o c e s s  and t h e  
k i n e t i c s  o f  t h e  r e a c t i o n .  T y p i c a l  r i s e  and f a l l  t i m e s  as  
we l l  a s  t y p i c a l  p r e c i s i o n  a r e  i l l u s t r a t e d  by t h e  r e c o r d e r  
t r a c i n g  f o r  s i x  c o n s e c u t i v e  measu remen t s  o f  20% 0 2 
( F i g u r e  2 3 ) .
TIME (m in)
FIGURE 23
R e co rd e r  T race  f o r  90% Response  Times 
f o r  a Gas Phase Sample
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Liq u i d  Phase  C a l i b r a t i o n
The c a l i b r a t i o n  e x p e r i m e n t s  were  r e p e a t e d  w i t h  w a t e r  in  
t h e  g a s  chamber  a s  opposed  t o  g a s .  F i g u r e  24 shows a 
c a l i b r a t i o n  c u r v e  i n  w a t e r  compared t o  a c a l i b r a t i o n  c u rv e  
f o r  0 2 i n  a i r  u s i n g  t h e  same r e a g e n t .  The c a l i b r a t i o n s  in  
w a t e r  show a d e c r e a s e d  l i n e a r i t y ,  which  i n  p a r t  i s  due t o  
t h e  e x t e n de d  t ime  r e q u i r e d  f o r  t h e  e x p e r i m e n t ,  a b o u t  
5 h o u r s .  The s i g n a l  from an a i r  s t r e a m  d e c r e a s e d  
s i g n i f i c a n t l y  d u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t ,  which 
a l t e r s  t h e  s l o p e  o f  t h e  c a l i b r a t i o n  c u r v e .
The s l o p e  o f  t h e  a n a l y t i c a l  c u r v e  i n  w a t e r  i s  much l e ? s  
t h a n  i n  a i r .  T h i s  i s  a mass t r a n s f e r  e f f e c t .  Due t o  t h e  
h i g h  0 2 p e r m e a t i o n  r a t e  t h r o u g h  t h e  membrane,  t h e  
c o n c e n t r a t i o n  o f  0 2 a t  t h e  membrane s u r f a c e  i s  d e p l e t e d .
Th i s  e f f e c t  i s  g r e a t e r  i n  aqueous  s a m p l e s  t h a n  i n  g a s  
s amp le s  be ca u se  mass t r a n s f e r  i n  l i q u i d s  i s  much s l o w e r  t h a n  
in  g a s e s .  S a t u r a t i n g  g a s  phas e  s a m p l e s  w i t h  w a t e r  v a p o r  had 
no e f f e c t  on CL r e s p o n s e .
Using t h e  c o n d i t i o n s  o f  t h e  e x p e r i m e n t  i l l u s t r a t e d  in 
F i g u r e  24,  t h e  d e t e c t i o n  l i m i t  f o r  0 2 i n  w a t e r  i n  t e r m s  o f  
p a r t i a l  p r e s s u r e  w i l l  be ab ou t  f o u r  t i m e s  g r e a t e r  t h a n  t h e  
c o r r e s p o n d i n g  d e t e c t i o n  l i m i t  i n  a i r .  I t  s h o u l d ,  howeve r ,  
be r e c o g n i z e d  t h a t  r e l a t i v e  d e t e c t i o n  l i m i t s  i n  a i r  and 
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FIGURE 24
Compar ison  o f  Gaseous  and Aqueous Sample Pha se s
a t  20°C
1 12
s t i r r i n g  r a t e s .  The e s t i m a t e d  d e t e c t i o n  l i m i t  i s  c i t e d  t o  
i n d i c a t e  t h e  m ag n i t u d e  o f  t h e  CL s i g n a l  r e l a t i v e  t o  
v a r i a t i o n s  i n  d e t e c t o r  n o i s e  unde r  a p a r t i c u l a r  s e t  o f  
c o n d i t i o n s .  In  p r a c t i c e ,  t h e  d e t e c t i o n  l i m i t s  w i l l  depend  
upon a number o f  f a c t o r s ,  i n c l u d i n g  membrane p e r m e a b i l i t y ,  
a r e a ,  and t h e  f r eedom from backg round  oxygen c o n t a m i n a t i o n .
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DISCUSSION
Oxygen i s  mos t  f r e q u e n t l y  measured  u s i n g  an oxygen 
e l e c t r o d e .  Th i s  e l e c t r o d e  i s  s i m i l a r  t o  t h e  CL d e v i c e .  In 
b o t h  d e v i c e s ,  t h e  oxygen d i f f u s e s  t h r o u g h  a membrane and 
t h e n  r e a c t s  t o  y i e l d  a m e a s u r a b l e  s i g n a l .  Both d e v i c e s  
measu re  oxygen p a r t i a l  p r e s s u r e  r a t h e r  t h a n  c o n c e n t r a t i o n .
In bo th  d e v i c e s ,  r e s p o n s e  v a r i e s  c o n s i d e r a b l y  w i t h  
t e m p e r a t u r e ,  r e q u i r i n g  a c o r r e c t i o n  f a c t o r  f o r  a c c u r a t e  
m ea su r e m e n t s .  Both d e v i c e s  have  s i m i l a r  r e s p o n s e  t i m e s .
Like t h e  e l e c t r o d e  t h i s  d e v i c e  a p p e a r s  t o  be mass t r a n s f e r  
1 i m i t e d .
There  a r e  a l s o  some s i g n i f i c a n t  d i f f e r e n c e s  be tween an 
oxygen e l e c t r o d e  and t h e  CL s e n s o r .  The CL oxygen s e n s o r  a s  
d e s c r i b e d  h e r e  i s  more s e n s i t i v e  t h a n  t h e  t y p i c a l  oxygen 
p r o b e ,  b u t  i s  more s e n s i t i v e  t o  ch ang ing  r e s p o n s e  due  t o  
r e a g e n t  c o n s u m p t i o n .  I f  t h e  CL oxygen p r o be  i s  o p e r a t e d  
w i th  a l e s s  p e rm eab l e  membrane a n d / o r  a s m a l l e r  membrane 
a r e a  f o r  t h e  same r e a g e n t  volume,  i t s  r e s p o n s e  w i l l  be l e s s  
s e n s i t v e ,  b u t  l o n g e r  l i v e d .  For  example ,  i f  t h e  r a t e  o f  
oxygen consumpt ion  i s  d e c r e a s e d  by a f a c t o r  o f  100,  t h e  CL 
oxygen p robe  sh ou ld  o p e r a t e  f o r  two t o  t h r e e  months  w i t h o u t  
r e q u i r i n g  new r e a g e n t .  I t  would s t i l l  have  a d e t e c t i o n  
l i m i t  com pa rab l e  t o  many oxygen e l e c t r o d e s .  F u r t h e r
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improvement s  may be r e a l i z e d  by s u s t i t u t i n g  p u r e  TMAE f o r  
t h e  10% EIA s o l u t i o n  used i n  t h e  v e r s i o n  d e s c r i b e d  h e r e .
TMAE i s  a n o n - v i s c o u s  l i q u i d  a t  room t e m p e r a t u r e  w h i l e  EIA 
i s  a s o l i d .
The oxygen e l e c t r o d e  i s  s u b j e c t  t o  i n t e r f e r e n c e  from 
o x i d i z i n g  g a s e s ,  such  a s  c h l o r i n e ,  which  can  d i f f u s e  t h r o u g h  
t h e  membrane and be r educed  a t  t h e  c a t h o d e .  I t  i s  a l s o  
s u b j e c t  t o  i n t e r f e r e n c e  from r e d u c i n g  g a s e s  such  a s  F^S 
which  p o i s o n  e l e c t r o d e  r e s p o n s e  c a u s i n g  i n a c c u r a t e  
m ea su r e m e n t s .  These g a s e s  a r e  n o t  e x p e c t e d  t o  i n t e r f e r e  
w i th  t h e  CL oxygen p robe  s i n c e  t h e y  do n o t  r e a c t  w i th  
t e t r a a m i n o  e t h y l e n e s  t o  y i e l d  CL.
The CL oxygen s e n s o r  r e q u i r e s  t h a t  a m b ie n t  l i g h t  be 
e x c l u d e d .  T h i s  i s  i t s  most  s e r i o u s  l i m i t a t i o n  r e l a t i v e  t o  
t h e  oxygen e l e c t r o d e .  Th i s  p rob lem c o u ld  be e l i m i n a t e d  i f  
an opaque membrane m a t e r i a l  were f ou n d .  The CL oxygen 
s e n s o r  a l s o  c a n n o t  be t u r n e d  o f f  l i k e  t h e  e l e c t r o d e .  I t  
s ho u ld  be s t o r e d  in  an o x y g e n - f r e e  en v i r o n m en t  when n o t  i n  
use to  p r o l o n g  i t s  l i f e t i m e .
CHAPTER SIX
SUMMARY
We have  i n v e s t i g a t e d  t h e  p o s s i b i l i t y  o f  u s i n g  two phase  
CL f o r  a n a l y s i s .  Three  d i f f e r e n t  r e a c t i o n s  have  been  
a d a p t e d  f o r  t h e s e  m ea su re me n t s .  Whi le  t h e  r e s u l t s  a r e  
p r o m i s i n g ,  f u r t h e r  r e s e a r c h  i s  r e q u i r e d  b e f o r e  t h e s e  s y s t e m s  
can be a p p l i e d  t o  p r a c t i c a l  p ro b l em s .
The mos t  p ro m i s in g  sys tem i s  t h e  oxygen s e n s o r  b a s e d  on 
t h e  o x i d a t i o n  of  EIA. I t  compares  f a v o r a b l y  i n  s e n s i t i v i t y  
and r e s p o n s e  t ime  t o  t h e  oxygen e l e c t r o d e  and i s  e x p e c t e d  t o  
be i n t e r f e r e n c e  f r e e .  F u r t h e r  improvement s  in  s e n s i t i v i t y  
and l i f e t i m e  a r e  e x p e c t e d  i f  TMAE i s  used i n s t e a d  o f  EIA. 
F u r t h e r  work i s  r e q u i r e d  t o  f i n d  membrane m a t e r i a l s  t h a t  
w i l l  be l e s s  pe rme ab l e  t o  oxygen so t h a t  t h e  CL r e a g e n t  i s  
consumed s l o w e r .  A l s o ,  t h e  c a l c u l a t e d  d e t e c t i o n  l i m i t  needs  
t o  be c on f i r m ed  e x p e r i m e n t a l l y  a s  does  t h e  p r e s u m p t i o n  t h a t  
t h e  CL oxygen s e n s o r  i s  n o t  s u b j e c t  t o  i n t e r f e r e n c e .
ATP measurement  ba sed  on immob i l i z ed  f i r e f l y  l u c i f e r a s e  
r e q u i r e s  s u b s t a n t i a l  improvement  to  be p r a c t i c a l .  The two 
main p rob l ems  a r e  t h e  s l ow r e s p o n s e  t i m e s  due  t o  t h e  s l ow
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k i n e t i c s  o f  t h e  f i r e f l y  r e a c t i o n  and t h e  change  i n  r e s p o n s e  
due  t o  l u c i f e r i n  consumpt ion  and o x y l u c i f e r i n  b u i l d u p .  
C o n c e i v a b l y ,  t h e s e  p rob l ems  can  be d e a l t  w i t h  by ad d ing  an 
a p p r o p r i a t e  amount  o f  ATP-degrad ing  enzyme and by d e v i s i n g  a 
means o f  r e p l e n i s h i n g  t h e  l u c i f e r i n  s u p p l y .  I f  t h e s e  
p rob l ems  can  be s o l v e d ,  t h i s  w i l l  be an a t t r a c t i v e  sy s t em  
f o r  ATP a n a l y s i s  b e c a u se  i t  p e r m i t s  r e u s e  o f  t h e  f i r e f l y  
l u c i f e r a s e  y e t  doe s  n o t  r e q u i r e  a d i f f i c u l t  i m m o b i l i z a t i o n  
p r o c e d u r e .
The p e r o x i d e  p robe  ba sed  on l u m i n o l  h a s  been  
d e m o n s t r a t e d  t o  have  an a c c e p t a b l e  d e t e c t i o n  l i m i t  w i t h  a 
good r e s p o n s e  t im e .  However,  p r o b e s  ba sed  on c o up l e d  enzyme 
c a t a l y s e d  r e a c t i o n s  w i l l  be l i m i t e d  t o  enzyme r e a c t i o n s  t h a t  
have  s u f f i c i e n t  a c t i v i t y  i n  t h e  pH 8 t o  9 r a n g e .
C u r r e n t l y ,  t h e  f l ow c e l l  d e s i g n  i s  more u s e f u l  f o r  two 
phas e  CL measu remen t s  t h a n  t h e  f i b e r  o p t i c  p r o b e .  The 
a v a i l a b i l i t y  o f  a l a r g e  s u r f a c e  a r e a  and good o p t i c a l  
e f f i c i e n c y  a r e  t h e  two most  i m p o r t a n t  f a c t o r s  i n  c h o o s i n g  
t h e  f l ow c e l l  ove r  t he  p r o b e .  Sample h a n d l i n g  i s  e a s i e r  
w i th  t h e  f l ow c e l l  a l s o .
REFERENCES
1.  R a uh u t ,  M. M. i n  " E n c y c l o p e d i a  o f  Chemica l  
Techno logy"  3 rd  e d . ;  K i r k - O t h e r ,  E d . ;  Jo hn  Wi ley  
& Sons:New York,  1979;  Vol .  5 "Che mi lu mi nes cen ce"
2.  P a u l ,  D. B. T a l a n t a  1978 ,25  377-82
3.  I s s a c s s o n ,  U. ;  W e t t e rm ar k ,  G. A n a l .  Chim.  Acta  
1974,  68 339 -6 2 .
4 .  S e i t z ,  W. R. ; N e a r y ,  M. P. Ana l .  Chem. 1974,  46 
188A-202A.
5. S e i t z ,  W. R. i n  "Modern F l u o r e s c e n c e  S p e c t r o s c o p y "
Wehry,  E. L. E d . ;  Plenum Pre s s :New York,  1976;  Vol
1 Che mi l umi ne sce nce  A n a l y s i s  on Water  P o l u t i o n  
Stud i e s .
6.  G or us ,  F . ;  Schram,  E. C l i n .  Chem. 1979,  25 5 12 - 9 .
7 .  S e i t z ,  W. R. CRC C r i t .  Rev.  A n a l .  Chem. i n  p r e s s
8 .  F o n t i j n ,  A. i n  "Modern F l u o r e s c e n c e  S p e c t r o s c o p y "  
Wehry,  E. L. E d . ;  Plenum P re ss :New York,  1976;  Vol 
1,  C ha p t .  6.
117
118
9 .  S e i t z ,  W. R . ;  H e r c u l e s ,  D. M. J . A m e r .  Chem. Soc.  
1974,  96 4094 -8 .
10.  Ha rdy ,  W. M.; S e i t z ,  W. R . ; H e r c u l e s ,  D. M. T a l a n t a  
1977,  24 297-302 .
11.  I s s a c s s o n ,  U. ;  W e t t e r m a rk ,  G. A n a l .  L e t t .  1978 A l l  
13 - 25 .
12.  Shaw, F.  A n a l y s t  1980 105 11 -1 7 .
13.  Maida ,  Y. ; A o k i , K. ;  Munemori ,  M. A n a l .  Chem. 1980,  
52 307 -1 1 . .
t
14.  Bause ,  D. B . ;  P a t t e r s o n ,  H. H. A n a l .  Chem. 1979,  51 
2288 -9 .
15.  Duewer,  D. L . ;  C h r i s t i a n ,  G. D. ;  Chem. Biomed.  and 
E n v i r .  I n s t r u .  1979,  9,  373 -93 .
16.  B u r r ,  A . ;  M a u z e r a l l ,  D. B ioch im .  B i o p h y s .  Acta  
1968,  153 214-41 .
17.  B u r g u e r a ,  J .  L . ; Townshend,  A . ;  G r e e n a f i e l d ,  S. 
Ana l .  Chim. Acta  1980 1 1 4 , 209 - 14 .











S e i t z ,  W. R . ; Suydam, W. W. ; H e r c u l e s ,  D. M. Ana l .  
Chem. 1972 , 4j4 957-63 .
M e r e n z i , G . ; L in d ,  J .  S. J .  Amer. Chem. Soc .  1980 
102 5830-35 .
B o s t i c ,  D. T . ;  H e r c u l e s ,  D. M. A n a l .  Chem. 1975,  47 
447 -52 .
Auses ,  J .  P . ;  Cook,  S. L . ; Maloy,  J .  T. Ana l .  Chem. 
1975 , _47 244-9 .
Lowery,  S. N. ;  C a r r ,  P. W. ; S e i t z ,  W. R. Ana l .
L e t t .  1977,  _10_ 931-43 .
Gorus ,  F . ;  Schram,  E Arch.  I n t .  Phys .  Biochem.
1977,  8_5 981 .
S c h r o e d e r ,  H. R . ; Vogehu t ,  P. 0 . ;  C a r r i c o ,  R. J . ;  
B o g u s l a s k i ,  R. C. B u c k l e r ,  R. T. A n a l .  Chem. 1976,  
48 1933-37 .
DeLuca,  M.; M*c!El roy ,  W. D. i n  "Methods in  
Enzymology" Co lowick ,  S. P . ;  Ka p l an ,  N. 0.  E d s . ;  
Academic Press :New York,  1978; Vol .  L V I I , C ha p t .  1.
C a r r i c o ,  R. J . ;  J o h n s o n ,  R. D . ; B o g u s l a s k i ,  R. C. 
i n  "Methodes  in Enzymology" Colowick ,  S. P . ;
Kap l an ,  N. 0.  E d s . ;  Academic Press rNew York,  1978,
120
Vol .  LVII ,  Ch ap t .  12.
28.  Lee,  Y . ; J a b l o n s k i , I . ;  DeLuca,  M. Ana l .  Biochem.  
1977,  £0 496 -501 .
29.  P r u e t t ,  R. L . ;  B a r r ,  J .  T . ;  Rapp,  K. E . ;  Ba h ne r ,  C. 
T; G i bs on ,  J .  D . ; L a f f e r t y ,  R. H. J r .  J .  Amer.
Chem. Soc .  1950,  _72 3646-50 .
30.  Lemal , M. D. i n  "The C he m i s t r y  o f  t h e  Amino Group" 
P a t a i ,  S. Ed . ;  I n t e r s c i e n c e  P u b l i s h e r s : N e w  York,  
1968,  Chap t .  12.
31. C a r p e n t e r ,  W. R . ;  Bens ,  E. M. U.S.  3 , 7 6 9 , 2 2 7 ;  Chera. 
Abs.  80:8931b ;  1973.
32.  S h e f l e r ,  S . ;  D u f f ,  H. S. U.S.  3 , 6 1 6 , 5 9 3 ;  Chem. Abs.  
76 :40155 ;  1971.
33.  Winberg ,  H. U.S.  3 , 3 9 2 , 1 2 3 ;  Chem. Abs.  69 :78546b;  
1968 .
34.  Humiston ,  L. E. U.S.  3 , 3 7 5 , 1 7 6 ;  Chem. Abs.  
6 8 : 1 1 0 2 4 1 r ;  1968.
35.  W e s t e r d a h l , R. P. AD-766-704 ( A v a i l .  NTIS) J u l y  
1973 .
121
36.  Ur ry ,  W. H. ;  S h e e t o ,  J .  Photochem.  P h o t o b i o l  1965,
4_ 1067.
37.  F l e t c h e r ,  A. N . ; H e l l e r ,  C. A. J .  Phys .  Chem. 1967,  
71 1507-18 .
38.  P a r i s ,  J .  P. Photochem.  P h o t o b i o l .  1964 , 4^ 1059.
39.  B l a e d e l ,  W. J . ;  K i s s e l ,  T. R . ;  B o g u s l a s k i ,  R. C. 
Ana l .  Chem. 1972,  4_4 2030 -37 .
40.  Murray ,  R. W.; R e i l l y ,  C. N. " E l e c t r o a n a l y t i c a l  
P r i n c i p l e s "  I n t e r s c i e n c e  P u b l i s h e r s : N e w  York,  1963,  
p p . 2145.
41.  G u i l b a u l t ,  G. G. ;  S a d a r ,  M. H. Acc.  Chem. Res .
1979 , JL2 344-50 .
42.  H i ck s ,  G. P . ;  Upd ike ,  S. J .  Ana l .  Chem. 1966,  ^8 
726 .
43.  G u i l b a u l t ,  G. G. "Handbook o f  Enzymat i c  A n a l y s i s "  
Marcel  Dekker:New York,  1976.
44.  C o r m ie r ,  M. L . ; P r i c h a r d ,  P. M. J .  B i o l .  Chem.
1968,  243 4706.
45.  Montano,  L. A. ;  I n g l e ,  J .  D. Ana l .  Chem. 1979,  51 
919 .
122
46.  Hi t chman ,  M. L. "Measurement  o f  D i s s o l v e d  Oxygen";  
E l v i n g ,  P. J . ;  W i n f o r d n e r ,  J .  D . ; K o l t h o f f ,  I .  M. 
E d s . ;  WileyrNew York,  1978;  Vol .  49 o f  Chemica l  
A n a l y s i s .
47.  Winbe rg ,  H. E . ;  U.S.  3 , 2 3 9 , 5 1 9  March 8 , 1 9 6 6 .
